THE JOURNAL 
PHYSIOLOGY | 


EDITED FOR 


THE PHYSIOLOGICAL SOCIETY 


BY 


CREED (Chairman) M.GRACEEGGLETON  W. FELDBERG 


R. B. FISHER R. A. GREGORY __— A. HEMINGWAY 
- A, F, HUXLEY C. A. KEELE A. D. MACDONALD 
B. H. C. MATTHEWS _ MARGARET M. MURRAY 


Volume 117 


1962 


LONDON 
CAMBRIDGE UNIVERSITY PRESS 


- 
By 
‘ 
Fy 
a. 
SE 
“a 
3 
d 
q 
at 
¥ 


Printed in Great Britain at the University Press, Cambridge 
(Brooke Orutchley, University Printer) 
and published by the Cambridge University Press 
: London: Bentley House, N.W.1 
American Branch: New York 
Agents for Canada, India, and Pakistan: Macmillan 


4 
A 
AY 
% 
* 
‘a 
ae 
a 
\ 
x 
4s 
A 
¢ 
‘ 
4 
fal 
is 
» 


CORTERTS OF VOL. 117 
No. 1. 28 May 1952 


The permeability of interstitial connective tissue and the nature of the 
interfibrillary substance. By T. D. Day : 


The reflex activity of the respiratory centre. By I. Gisies 


Persistent 24-hour renal excretory rhythm on a 12-hour — of 
activity. By J. N. Muts and 8S. W. Stansury 


The effect of inhalation of high and low concentrations of oxygen on the 
respiration of the premature infant. By K. W. Cross and T. E. Orr . 


The effect of carotid occlusion upon the intrasinusal pressure with 
special reference to vascular communications between the carotid and 
vertebral circulations in the dog, cat and rabbit. By D. oe 
M. pE Bureu Daty, E. Net and A. SCHWEITZER 


The force exerted by active striated muscle during and after rehange of 
length. By B. C. ABBort and X. M. AUBERT 


The excitability of a single fibre in a nerve trunk. By J. J. Lusstmr and 
W. A. H. Rusuton 

Spontaneous subthreshold at motor nerve 


No. 2. 27 June 1952 


Action currents in single afferent nerve fibres elicited by stimulation of 
the skin of the toad and the cat. JURO Kanai Mizvevcai 
and Tasak1 


Analysis of afferent and efferent systems in the muscle nerve of the 
toad and cat. Yosuruisa KospayasHi, Osuima and 
TasakI . 


The effect of injection of Prseiinte salt solution on the chloride content 
of mammalian skin. By M. Grace EaoLEeTon 


Action potentials of isolated mammalian — ena td 
Rosamond M. . 


Responses of isolated curarized By RosaMonD M. 


PAGE 


22 


87 


109° 


129 


152 
172 
181 


196 


9 
> 
] 7 
a 
|| ¥ 


iv CONTENTS 


The effect of acute reduction of the glomerular filtration rate on sodium 
excretion in man. ee 
PAWAN . ‘ 


An Slits seal of the role of the abdominal muscles in 
breathing. By E. J. M. CAMPBELL ‘ 


The level of free choline in plasma. By J. Buicu 


Effect of choline on neuromuscular transmission in the cat. By O. F. 
HUTTER 


laxis. By H. HERXHEIMER 


No. 3. 28 July 1952 
Collagen in regenerating liver of the rat. By R. D. Harkness... 
Changes in the liver of the rat after goer sien oc ail By R. D. 
HARKNESS 


The of the potassium of muscle, studied in pio 
phate media. By E.J.Harnis .. 


The relation between the volume of a test-meal and the gastric secre- 
tory response. By J. N. Hunt and I. MacponaLp : : : 

Pulmonary vasomotor responses of isolated perfused cat Sites to anoxia. 
By Hexen N. Duxs and Estuer M. 


The innervation of the cervix and cornu uteri in the rabbit. By BRENDA 
M. ScHOFIELD | 


The mechanical analysis of the responses from the end-organs of the 
horizontal semicircular canal in the isolated elasmobranch ener re 
J. J. GRozn, O. LowenstTern and A. J. H. Venprik 


The blood supply of the carotid body in cats, dogs and rabbits. th D, 
CHUNGCHAROEN, M. pE BurecH Daty and A. ScHWEITZER 


The effect of stretch receptors from muscle on the — of moto- 
neurones. By C, Hunt . ‘ 


The physiological cost of negative work. aid B. C. Anno BRENDA 
andJ.M.Rircom. 


On the blood flow through rhythmically contracting muscle before and 
during release of sympathetic vasoconstrictor tone. By H. Barorort, 
A. C. Dornuorst, H. M. and J. M. Tanner 


PAGE 


. 24) 


251 


329 


347 


391 


Me 
ay 
4 
957 
¥ 289 
4 
303 
W 
* 


CONTENTS 


No. 4. 28 August 1952 


Inhibition and excitation in spinal reflex activity. By T. GuaLTmRoTtI 


Effect of sympathectomy on the response to adrenaline of the blood | 


vessels of the skin in man, By R. 8. Durr 


The recording of potentials from motoneurones with an intracellular 
electrode. By L. G. Brook, J. 8. Coomss and J. ©. Ecoxzs . 


Utilization of oxygen the of the de cornea. 
M. LancHamM . 


Effects of some inorganic salts on the metabolic response of sections of 
mammalian cerebral cortex to electrical stimulation. 4 Marion B. R. 
Gors and H. MoItwain 


Electromyography of muscles of ponte: bem muscles in males. » By 
J. and A, NIGHTINGALE 


The relation between integrated action sasieiti in a human muscle 
and its isometric tension. By O. C. J. Lippotp 


A quantitative description of membrane current and its RELATE to 
conduction and excitation in nerve. By A. L. Hopexi and A. F. 


PAGE 
401 


415 


431 


461 


te } 
x. 
Ve 
| 
ry 


vl LIST OF AUTHORS 


LIST OF AUTHORS 


Ansorr, B. C. anp Ausert, X. M. Plasticity in striated muscle . 
Aszort, B. C., BiaLanp, Brenpa and Rironm, J. M. Cost of negative 


Avusrrt, X. M. and Assort, B. C. Plasticity in striated muscle . : 77 
Baxrcrort, H., Dornnorst, A. C., H. M. and Tanner, J. M. 

Blood flow in active muscle. ; 391 
Brenpa, J. M. and Astor, B B. C. Cost of of negative 

work. ‘ 380 
Buieu, J. Plasma 234 
Brook, L. G., Coomss, J. 8. and Booka, 5. C. 

Catma, I. Reflex of : 9 
CamMPBELL, E. J. M. Abdominal muscles and 222 
Cuatmers, T. M., Lewis, A. and Pawan, G. L. 8. 

sodium excretion . 218 
CHUNGCHAROEN, D., Daty, M. DE Ne, E. ‘end A. 

Carotid occlusion and intrasinusal pressure. 56 
CHUNGOHAROEN, D., Daty, M. pz and A. Carotid 

body blood supply... 347 
Coomss, J. 8., J. C. and Buoce, L. G. 

potentials . 431 
Daty, M. pz Bure, Nut, E., A. and CouNGcHAROEN, D. 

Carotid occlusion and pressure . 56 
Daty, M. pz Bures, Scuwerrzer, A. and CHUNGCHAROEN, D. Carotid 

Day, T. D. Connective tissue l 
Dornuorst, A. C., McCiatonsy, H. M., Tanner, J. M. Banonorr, 

Blood flow in active muscle. 
Durr, R. 8. Adrenaline supersensitivity ‘ 415 

responses to anoxia . ‘ 303 
Ecocuzs, J. C., Broox, L. G. 8. 

potentials . 431 
Rosamonp M. Curarized sympathetic ganglia . : . 196 
M. Grace. Chloride in mammalian skin. 
Fart, P. and Katz, B. Spontaneous activity at nerve endings . 109 


Gorz, Marion B. R. and McItwarn, H. Salts on electrical stimulation 471 


2 
iy 
‘ 
+ 
- 
& 
; 
be > 


LIST OF AUTHORS 


Grorn,J.J., LOWENSTEIN, O. and Venprik, A. J. H. Semicircular canal 
ofray . . : 
T. Reflex activity of frog 
Harkness, R. D. Collagen in regenerating liver 
Harkness, R. D. Liver after partial hepatectomy 


E. J. Exchange of muscle K . 


HERXHEIMER, H. Microshocks in guinea-pig anaphylaxis 

Hopexin, A. L. and Huxtry, A. F. Membrane current in nerve . 

Hunt, Cariton C. Stretch receptors and reflex activity 

Hunt, J. N. and Macponatp, I. Test-meal volume and gastric seceetion, 

Hortsr, O. F. Choline and neuromuscular transmission ; 

Hvuxuey, A. F. and Hopexi, A. L. Membrane current in nerve . 

JosEPH, J. and NIGHTINGALE, A. Postural contraction in legs 

Katz, B. and Fart, P. Spontaneous activity at nerve endings . 

Estumer M. and Duxr, N. Pulmonary 
responses to anoxia 

KOBAYASHI, YOSHTHISA, OSHIMA, Afferent 
and efferent systems in muscle 

LaneHamM, M. Corneal metabolism . 


‘Lewis, A. A. G., Pawan, G. L. 8. and Cuatmmrs, T. M. GFR. and 


sodium excretion . ; 

0. C. J. Integrated ; 

LowENsTEIn, O., VENDRIK, A. J. H. and Grosn, J. 
canalofray .. 

Lussier, J. J. and RusHton, w. A. H. Single fibre excitability i in nerve 
trunk 

McCLATCHEY, H. M. M., Banners, H. A. 0. 
Blood flow in active muscle 

MacponaLbD, I. and Hunt, J. N. Test and 

McIuwatn, H. and Gorz, Marion B. R. Salts on electrical stimulation 

MarvunasHi, Juno, and Tasakt, Icnts1. Isolated 
fibres from skin nerves . . . 

J. N. and Stansory, S. w. Diurnal 

Mizucucui, Kangi, Tasak1, and MarvHasHI, JURO. Isolated 
fibres from skin nerves ; 

Net, E., A., D. and Datx, DE 
Carotid occlusion and intrasinusal pressure 

NIGHTINGALE, A. and JosEPH, J. Postural in 

Orrk, T. E. and Cross, K. W. Oxygen and premature respiration 

Osama, Kyorcut, Tasaxt, and Kospayasui, Yosuiuisa. Afferent 
and efferent systems in muscle. 

Pawan, G. L. T. M, and Laws, A. A. 


PAGE 
329 q 
401 
257 q 
267 
278 
251 
500 
359 
289 
241 
484 
109 | 
303 
152 
461 
218 
492 
329 
87 
391 | 
289 
471 
129 
22 
129 | 
56 
38 
152 
7 218 4 


viii LIST OF AUTHORS 


J. M., Apsporr, B. C. and BIGLAND, BRENDA. 
work i 

Rusuton, W. A. H. and Lvssme, J. J. Single fibre excitability in nerve 

SCHOFIELD, M. of rabbit’s 

Scuwetrzer, A., CHUNGCHAROEN, D. and Daty, M. pr Bure. Carotid 
body blood supply . 

ScuweirzEr, A., CHUNGCHAROEN, D., M. DE Bunon War, E. 
Carotid occlusion and intrasinusal pressure 

Stansury, 8. W. and J. N. Diurnal 

TANNER, J. M., Barcrort, H., Dornuorst, A. C. and McCiatcuey, H. M. 
Blood flow in active muscle 

‘TasakI, Icu1s1, KOBAYASHI, YOSHTHISA and Afferent 
and efferent systems in muscle ‘ 

Tasaki, Marunasui, Juno and 
fibres from skin nerves . 

Venprik, A. J. H., Grozn, J. J. end Lownxerar, 0, onal 


PAGE 


A 
& 
4 
3 
87 
& 
q 
¥; 56 
22 
a 
bs. 
. 
‘ 
4 


CONTENTS 


PROCEEDINGS OF THE PHYSIOLOGICAL SOCIETY 


22-23 February 1952 


Feldberg, W., Gray, J. A. B. and Perry, W. L. M. Effects of close arterial 
injections on spinal cord 
Eccles, Rosamond M. Recording from the iolted mammalian ganglion 
Jacobs, S. Preparation of conductivity water 
Toh, C. C. Assay of enteramine and substance P ‘ 
Perry, W.L. M. and Talesnik, J. Ganglionic dives 
Bruce, H. M., Parkes, A. S. and Perry, W. L. M. Assay of ACTH on thymus 
Douglas, W. W. and Paton, W. D. M. Hypothermic action of ACTH . , 
Parkes, A. S., Short, D. J. and Sutton, C. D. Care of experimental animals . 
Hall, R. A. and Parkes, M. W. Effects of drugs upon neuromuscular trans- 
mission . 
Feldberg, W. and Schachter, M. Histamine release from skin by ice serum 
Armstrong, Desirée, Dry, R. M. L., Keele, C. A. and Markham, J. W. Pain- 
producing substances in blister fluid . 
Roberts, T. D. M. Reflex interaction of synergic extensor 
Ratcliffe, A. H. Skin resistance after sympathectomy . ‘ 
Brierley, J. B. Penetration of **P and **Na into nervous tissues . ‘ 
Brock, L. G., Coombs, J. S.and Eccles, J.C. Synaptic excitation and inhibition 
Chagas, C., Ferreira, H. M.and Sollero, L. Utilization of ACh during discharge 
of Hlectrophorus . 
Albe-Fessard, D., Buser, P. A, Wave pattems fi 
of Torpedo . ‘ 
Downman, C. B. B. Visceromotor reflexes in decerebrated 
Clarke, H. W. and Whaler, B. C. Utilization of C-labelled amino-acids by 
Beznak, A. B. L. es asta G. Lymph and urine flow and carotid sinus 
reflex . 
Chungcharoen, D., ‘Daly, M. nd Blond of 
carotid body . ‘ 
Daly, M. de Burgh, de Carotid body blood 
flow . 
Cobbold, A. F. und 0. C. N. blood flow 
Hilton, S. M. Increase in muscle blood flow following contraction . ° 


28-29 March 1952 


Copeland, K. Direct-coupled oscilloscope preamplifier.  . 

Fatt, P. and Katz, B. Electric responses of crustacean muscle fibres 

Lewis, H. HE. and Lippold, 0. C. J. Simple method for micro-gas-analysis . 
Abbott, B. C. and Bigland, Brenda. Physiological cost of negative work 


ix 
PAGE 
iP 
2P 
2P 
2P 
2P 
2P 
2P 
2P | 
3P 
3P 
4P 
6P | 
6P 
gP 
9P 
9P 
9P 
9P 
9P 
10P 
11P 
12P 
12P 
13P 
15P 
15P 
16P 
17P | 


x CONTENTS 


Bayliss, L. E. of the 

Chungcharoen, D., Daly, M. de Burgh and Schweitzer, a Blood sennpie of 
superior cervical and nodose ganglia. 

Daly, M. de Burgh, Lambertsen, C. J. of 
bronchomotor tone e 

Daly, M. de Burgh, Lambertsen, 0. J. ond Belecaines. ee Carotid body blood 
flow 

section 

Causey, G. E. Myelin and after crushing 
nerves . ‘ 

Quilliam, T. A. D. H. nerves containing no non- 
myelinated fibres . ‘ ‘ 

Winton, F. R. Renal interstitial ‘ 

Wilkie, D. R. Volume changes in muscle. 

Floyd, W. F. Electromyography of erectores ‘ 

MclIlwain, H. Electrical stimulation of cerebral metabolism in vitro 

Abbott, B. C. Potassium exchange in frog muscle . 

Harris, E. J. Potassium exchange between muscle and fluids 

Ross, EZ. J. Permeability of blood-aqueous barrier to small molecules . ° 

Abbott, B. C. and Wilkie, D. R. Shortening iets and tension-length curve 

Andrew, B. L. of mucosa . 

Brown, G. L., McLennan, H. and Pascoe, J. E. Failure of ganglionic transmis- 

after postganglionic nerve section . 

Dicker, S. and Tyler, Christine. Antidiuretic titre of blood 

_ Barclay, J. A. and Ibrahim, M. Cold infusion and renal function : ‘ 

von Euler, Curt and Séderberg, Ulf. Chemoreceptors in respiratory centres . 


Feldberg, W. and Harris, G. W. Histamine profiles of tract 


Winton, F. R. Intrarenal and renal interstitial pressures . 

Ead, H. W., Green, J. H. and Neil, H. Pulsatile and non-pulsatile Secunia ce 
carotid sinus . 

Adam, H. M. and Spencer, K. EZ. of in pleama 

Staple, P. H. Tissue reactions of diphenylhydantoin sodium 

Nissim, J. A. Effect of iron on reticulo-endothelial system . 

Widdicombe, J. G. Stretch receptors in trachea and bronchi ‘ 

Dawes, G. S., Mott, J. C. and Widdicombe, J. G. Carotid body BOOS 

Burn, J. H. and Robinson, Judith. Restoration of amine oxidase after 
denervation . 

Spinks, A. Thyroid ond amine in Blood 

Schofield, Brenda M. Ciliary ganglion and dilatation of pupil by nicotine 

Floyd, W. F. and Silver, P. H. S. Ink-writer and cathode-ray ——e 


PAGE 


18P 
19P 


19P 

20P 

| 
20P 
20P 
20P 
3 22P 

22P 

22P 
‘ 23P 

24P 
25P 

25P 
26P 
27P 
28P 
28P 
29P 
30P 
31P 
32P 
32P 
32P 

32P 

| 32P 

| 
3 35P 
35P 
36P 

36P 


CONTENTS 


Roberts, M.and Robson, J. M. Histaminase content of rat uterus ‘ . 
Donald, K. W. and Davidson, W. M. Oxygen uptake of diver and frogmen 
Asmussen, E. Negative and positive work in man ; 

Sarnoff, Stanley Neurohaemody ics of pulmonary 
Dale, R. A. and Sanderson, P. H. Action of mercurial diuretic 
Painial, A. S. Conduction velocity of afferent fibres in vagus. 
Akeasu, A., Sinha, Y. K. and West, G. B. Acetylcholine and ensicylobictine 


May 1952 


Baker, J. B. E. and King, G. E. An inexpensive time-marker and vibrator . 

Francis, C. M. Cytological and histochemical observations on the retina 

Matthews, B. H. C. An oil-operated microelectrode manipulator . 

Alanis, Jesus. Combined refiex and direct current stimulation of eehor 
neurones 

Matthews, B. H. C. Hydraulic to of by the 
cochlea . 

Andrews, W. H. A blood 

Rushton, W. A. H. A transparent electrical screen. 

Rushton, W. A. H. for analysing the eye of 
the cat . ‘ 

Hilton, S. M. A ‘ 

Gibson, Q. H. Apparatus for the study of rapid inasttati ‘ ‘ 

Hulton, S. M. and Holton, Pamela. Observations on vascular panache in the 
rabbit’s ear 

Sutarman and M. L. A new technigu for enumerating 

Huzaley, A. F. Applications of an 

Huzley, A. F. Measurements on diffraction spectra of single alia fibres 

Hodgkin, A. L. and Keynes, R. D. Methods of —— sodium cui 
in Sepia axons ‘ 

Tansley, Katharine. The of the bleak ‘ 

Walter, W. Grey. A simple model to show excitation and eiiaiadion., 

Cole, J. and Glees, P. Ipsilateral impairment following area 4 lesions . , 

Denton, E. J. and Pirenne, M. H. On the functional stability of the retina . 

Bell, Kathleen M., se A. R. and Rodger, F. C. The source of corneal nerve 
fibres . 

Darinall, H. J. A. new at 510. 

Burtt, T. and Catton, W. T. 
visual stimuli 

Brindley, G. S. and Willmer, E. N. The curves of 
red and green receptors ° 

Burstall, Pamela A., Catton, W. T., Heslop, T. Stewart, Schofield, B. and 
Wright, D. E. rp at stimulation of the stomach by phrenic-vagus 
anastomosis 

Alanis, and. Matthews, H. C. “The echano-rece of 


PAGE 
37P 3 
38P 
38P 3 
38P 
39P 
40P } 
41P 
43P 
44P 
44P 
44P | 
44P 
45P 
46P q 
47P 
48P 
49P 
50P 
51P 
52P 
53P 
54P 
54P | 
54P 
54P 
55P 
56P 
57 P 
58P 
58P 
58P 


xii CONTENTS 


Daly, M. de Burgh, Lamberteen, C. J. and Schweitzer, A. Bronchomotor re- — 


sponses to gaseous composition of the blood . 

Wilkie, D. R. The coefficient of expansion of muscle 

Job, C. and Lundberg, A. Presynaptic facilitation in the wiiiinalie diitetion 

Jewell, P. A. Observations upon the vesicular structures in the hypothalamus 

Hilali, S. and Whitfield, I. C. 
level of the trapezoid body . 

Duke, Helen N., Green, J. H. and Neil, Carotid chemooeptor antivty during 
inhalation of carbon monoxide 

Thomson, L. C.. Localization of function i in the rabbit's an 
physiological method . 

Weale, R. A. The central foveal of a totally 

von Muralt, Alexander and Zotterman, Yngve. Anaesthetic action of anti- 
aneurins on sensory nerve endings ‘ 

Bradley, K., Haston, D. M. and Eccles, J. C. The temporal course of direct 
inhibition 

Didcock, K. A., Picard, C. W.and Robson, J. M. The action of Spagna es 
on pregnancy ‘ ‘ 

Nissim, J. A. The entry of ir iron into 

Shepherd, D. M. and West, G. B. Hydroxytyramine and the suprarena 
medulla 

Lockett, Mary F. of ‘and of nor- 
adrenaline by suprarenal gland in vitro . ‘ 

Alexander, D. F.D. The influence of det on the mating 
of rats . 

Nixon, D; A. The occurrence of inositol in foetal and fluids ‘ 

Armstrong, Desirée, Dry, R. M. L., Keele, C. A. and Markham, J. W. Pain- 

_ producing actions of tryptamine and 5-hydroxytryptamine . . 

Douglas, W. W. and Toh, C. C. The effect of accor onranens (eorotonin 
on respiration in the dog 

Riley, J. F. and West, G. B. calle 

Smith, A. N. Compound 48/80 and acid gastric secretion . : 

Ginsburg, M., Grayson, J. and Johnson, D. H. The nervous regulation of liver 
blood flow . ° 

Amoroso, C. Endometrial | in the sow 

McDowall, R. J. S. and Zayat, A, F. end encalc cerdies 

Gibson, Q. H. and F. J. Ww. The of the 

Hb,X,+ X=Hb,X, 

Hellmann, K. Histochemical of means of 
radioactive copper R 

Duke, Helen N. and Killick, Esther M. idiciaey ‘simtiachatsiatien to anoxia 

Mills, J. N. Relationship between acid and electrolyte outputs in the renal 
diurnal rhythm 


Baker, J. E. Some observations on isolated perfused human foetal hearts ° 


PAGE 


60P 
61P 
61P 
62P 
62P 
63P 


64P 
64P 


64P 


64P 
64P 


65P 
66P 


67P 
68P 


69P 
70P 


70P 
71P 
72P 
73P 


74P 
76P 


756P 
76P 


17P 
78P 


79P 
79P 


ry 
| 
‘a 
| 
“a 
a 
| 
x 


LIST OF AUTHORS 


LIST.OF AUTHORS 


Assott, Potassium exchange in frog muscle. 

Assort, B. C. and Bietanp, Brenpa. Physiological cost of 

Assott, B. C. and Witxm, D. R. Shortening velocity and tension-length 
curve of muscle 

Axcasu, A., Suva, Y. K. and West, G. B. Acetylcholine and benzoylcholine 

Auanis, JEsus. Combined reflex and direct current stimulation of motor 
neurones i 

ALANIS, and B. The m chano-re pt 
central neurones 

ALBE-FESSARD, D., Buser, P. A. Wave frown 
lobe of Torpedo, 

ALEXANDER, D. and J. F, of the 
Amoroso, E. C. in the sow 
AnDREW, B. L. Innervation of laryngeal mucosa é 

AnpDrREws, W. H. Horner. A blood outflow recorder : é 

ArMsTRONG, Destriz, Dry, R. M. L., W: 
Pain-producing substances in blister fluid. 

ARMSTRONG, Dry, R. M. L., As ond J. W. 
Pain-producing actions of tryptamine and 5-hydroxytryptamine . ‘ 

AsmussEen, E. Negative and positive work in man 

Baxer, J. B. E. and Kine, G. E. An inexpensive sind 

Baker, J. E. Some observations on isolated perfused human foetal hearts . 

Barciay, J. A. and Ipranm, M. Cold infusion and renal function . 

Bayuiss, L. E. Mechanical model of the heart 

Bett, M., Krrsy, A. R. and Roaer, F. C. The source of corneal 
nerve fibres . 

BrznAx, A. B. L. G. Lymph and urine low and earoid 
sinus reflex . : 

BIGLAND, BRENDA and B. C. Physiological of 

BraDtey, K., Easton, D. M. and Eccizs, J.C. The temporal course of direct 

Brierzizy, J. B. Penetration of 32P and *Na into nervous tissues . : 

Brinpiey, G. S. and Wirimer, E. N. The spectral sensitivity curves of human 
red and green receptors ° 

Brocr, L. G., Coomss, J. 8S. and Bocuse, J. 
inhibition . ° 

Brown, G. L., H. J. E. Failure of 
mission after postganglionic nerve section . 

Bruce, H. M., PaRKES, A. Ss. L. M. Assay of ACTH on 
thymus 

Burn, J. H. and JupirTH. of amine after 


PAGE 
24P 
17P j 
26P 
32P 
41P 
44P 
59P 
9P 
69P 
75P 
27P 
45P | 
4P 
70P 
38P 
43P 
79P 
29P 
19P 
66P 
10P 1 
17P 
64P 
6P 
58P 
28P 
| 2P j 
35P 


xiv LIST OF AUTHORS 


Burstatt, Pameza A., Catron, W. T., Hestop, T. Stewart, SCHOFIELD, B. 
and Wricut, D. E. Attempted stimulation of the stomach by phrenic- 

Burtt, E. T. and Carron, W. T. ee 
visual stimuli 

Busser, P., Fessarp, A. and ‘Arne Wave hom 
lobe of Torpedo . 

Catton, W. T. Bowes, T. Nerve impulses inthe locust in response to 
visual stimuli 

Catron, W. T., Hestop, T. B., D. dnd 
Burstatt, Pameta A. Attempted stimulation of the stomach “8 
phrenic-vagus anastomosis . 

Causry, G. and Patmer, E. Myelin por mam- 
malian nerves 

Cuaaas, C., Ferrera, H. M. rae Sections, L. Utilization of ACh during 
discharge of Hlectrophorus 

of carotid body ‘ 

CHUNGCHAROEN, D., Daty, M. DE Blood 
of superior cervical and nodose ganglia ‘ 

CiaRKE, E. W. and Wuater, B. C. Utilization of uC labelled 
by heart . 

CoBBOLD, A. F. and: Jane, C. N. blood flow 

Corz, J. and Gizes, P. Ipsilateral impairment following area 4 lesions 

Coomss, J. S., Eocrzs, J. C. and Brock, L. G. Synaptic excitation and 

Datz, R. A. and Sanprrson, P. H. Action of mercurial diuretic 

Daty, M. pg Bures and Evans, D. H. L. Changes in vagus after degenera- 


tive section 

Daty, M. pE Bures, C. J. A. Carotid body 
blood flow 

Daty, M. C. J. and A. 
of bronchomotor tone . 


Daty, M. pz Bureu, LAMBERTSEN, C. J. Sete Ganctid 
blood flow ‘ 
Daty, M. DE C. J. and 
responses to gaseous composition of the blood . : 

Daty, M. pr Bure, Scuwerrzer, A. and CHUNGCHAROEN, D. Blood 
of carotid body 

Daty, M. pz Bures, A. D. Blood supply 
of superior cervical and nodose ganglia 

H. J. A. A new visual pigment at 510 

Davipson, W. M. and Donatp, K. W. Oxygen uptake of divers and frogmen 

paercee La and Purvis, C. E. Apparatus for controlled injection over long 
peri ‘ 

Dawes, G. 8., Mort, J. ©. J. G. Carotid 


PAGE 


58P 
58P 
9P 


58P 


58P 
20P 

9P 
19P 

9P 
12P 
54P 

8P 
15P 
39P 
20P 
12P 
20P 
20P 
60P 
19P 


57P 
38P 


18P 
34P 


Be 
aad 
i 
3 
+ 
‘ 
>. 
= 
x 
a 
> 
7 
is 


LIST OF AUTHORS 


Denton, E. J. and Prrennes, M. H. On the functional stability of the retina 

Dicker, 8. E. Constant water load and urine flow in unanaesthetized rat 

Diexer, 8. E. and Tyzmr, Curistine. Antidiuretic titre of internal jugular 
blood 

K. A., Proazn, C. w. ond Rossow, J. M. ‘The action of 

toxin on pregnancy . 

Donatp, K. W. and Davinson, M. of 

Dovetas, W. W. and Paton, W. D. M. Hypothermic action of ACTH ; 

Dovetas, W. W. and Tou, C. C. The effect of 5-hydroxytryptamine (sero- 
tonin) on respiration in the dog 

Downman, C. B. B. Visceromotor reflexes in 
cats 

Dry, R. M. L., ©. re J. Ww. 
Pain-producing substances in blister fluid 

Dry, R. M. L., C. A., Marxuam, J. W. 
Pain-producing actions of tryptamine and 5-hydroxytryptamine . ° 

Duke, Heen N., Green, J. H. and Net, E. Carotid chemoceptor activity 
during inhalation of carbon monoxide . ° 

Heten N. and Kriuicxk, Estuer M. 
anoxia 

on carotid sinus. 

Easton, D. M., Eccuzs, J.C. Beamer, The temporal course of direct 
inhibition . 

J.C. M. The temporal couree of direct 
inhibition 

Eccrzs, J. C., Broox, G. ond end 
inhibition . 

von Evier, Curt and SéprerserG, Utr. Chemoreceptors in respiratory 
centres . 

tive section . 

Fatt, P. and Katz, B. Electric 

Feitpserec, W., Gray, J. A. B. and Perry, W. L. M. Effects of close arterial 
injections on spinal cord ‘ 

Fe.psere, W. and Harris, G. W. of tract 
FELDBERG, W. and ScuacuTer, M. 
serum . 

FELDBERG, Ww. J. in skin ; 

Ferrera, H. M., L. and Cuaaas, C. Utilization of ACh dung 
discharge of Hlectrophorus 

Frssarp, A., D. and P. Were fom 
lobe of Torpedo . 

Froyp, W. F. Electromyography ‘of 

Froyp, W. F. and P. H. 8. Ink-writer and ccillograph 


70P 


78P 


xv 
PAGE 
55P 
28P 
65P 
38P 

2P 
71P 
oP 
4P 
63P 
j 
32P 
64P 
64P 
8P 
2P 
30P 
20P 
15P 
iP 
31P 
3P 
3P 
9P | 
9P 
22P 
36P 


xvi LIST OF AUTHORS 
PAGE 


Franots, C, M. Cytological and histochemical observations on the retina . 4P 
Frazer, J. F. D. and ALEXANDER, D. PAULINE. The influence of diet on the 


mating of rats ‘ . 69P 
Grsson, Q. H. Apparatus for the of 49P 
_Greson, Q. H. and Roventon, F. J. W. The en constants of the 
reactions Hb,X,+ X = Hb,X, 76P 
Griysspura, M., Grayson, J. and JOHNSON, D. H. ‘The 1 nervous regulation of 
liver blood flow. . 
Guzss, P. and Coz, J. area 4 . 
Gray, J. A. B., Perry, W. L. M. and Fetpsere, W. Effects of close arterial 
injection on spinal cord nace 1P 
Grayson, J., Jonnson, D. H. and Gnxssone, M. ‘The 1 nervous regulation of 
liver blood flow . .. 74P 
Green, J. H., E. and Does: Carotid chemooentor activity 
during inhalation of carbon monoxide . ‘ 63P 
Green, J. H., Nz, E. and Eap, H. W. Pulsatile and 
on carotid sinus. : ‘ 32P 
Hatt, R. A. and Parkes, M. W. Effecta of drugs upon neuromuscular trans- 
mission . ‘ 


Harris, E. J. fluids . 25P 
Harris, G. W. and Fxtpserc, W. Histamine profiles of gastro-intestinal 


Hetiman, K. Histochemical demonstration of cholinesterase by means of 
radioactive copper . ‘ ‘ 


Hesuop, T. Stewart, B. D. E., A. 
and Catron, W. T. Attempted stimulation of the stomach by phrenic- 


vagus anastomosis 
Hizaut, 8. and Wurrrretp, I. C. Auditory responses of single nerve units a 
level of the trapezoid body . . 
Hizton, 8. M. Increase in muscle blood 
Huron, 8.M. A perspex drop-chamber 48P 
Hixton, 8. M. and Horton, Pamera. Observations on in 

the rabbit’s ear . 50P 
Hopexry, A. L. D. Methods of investigating sodium 

transport in Sepia axons ° 54P 
Hotton, Pameta and Hinton, S. M. on in 

the rabbit’s ear . 
Houxtey, A. F. of an 52P 
Hux.ey, A. F. Measurements on diffraction spectra of single 53P 
Israum, M. and Barctay, J. A. Cold infusion and renal function . 
Jacoss, 8. Preparation of conductivity water . 2P 
JEWELL, P. A. Observations upon the vesicular in 

thalamus 62P 
Jos, C. and LunpsBEre, facilitation in the 

ganglion 61P 


Jounson, D. H., M. J. "The 1 nervous of 


of 
be 
a 
a 
4 
a 
4 
4 
4 
‘ 
A 
= 
x 
Aa 
¥ 
2 


LIST OF AUTHORS 


J. and A. Leg muscles in posture. 
Katz, B. and Fart, P. Electric responses of crustacean muscle fibres . 
Kees, C. A., Marxkuam, J. W., Anmstrone, and Dry, R. M. L. 
‘Pain-producing substances in blister fluid 
Kuntz, C, A., Marxnam, J. W., and Dry, R. M. L. 
Pain-producing actions of tryptamine and 5-hydroxytryptamine . 
Keynes, R. D. and Hopexrr, A. L. Methods of ieee sodium trans- 
port in Sepia axons ° 
Estar M. and Duxz, N. 
anoxia ‘ 
Krasy, A. R., Ropasr, F.C. and Betz, Katratzen M. The source of corneal 
nerve fibres 
LAMBERTSEN, C. J., A. said Date, M. DE Carotid body 
blood flow 
LAMBERTSEN, C. J., Dass, DE Bune. Central 
of bronchomotor tone 
LAMBERTSEN, C. J., SCHWEITZER, A. and Boece. Carotid badly 
blood flow . 
LAMBERTSEN, C. J., M. DE Buses. 
responses to gaseous composition of the blood ‘ 
Lewis, H. E. and Liepotp, O. C. J. Simple method for 
LILJESTRAND, G. and BrznAx, A. B. L. Lymph and urine flow and carotid 
| sinus reflex . 
O. C. J. H. E. Simple 
Looxettr, Mary F. Demethylation of adrenaline and methylation of nor- 
Bie adrenaline by the suprarenal gland in vitro . : 
LunpBERG, A. and Jos, C. xia acacien facilitation in the sympathetic 
ganglion 
McDowat1, R. J. S. F, “Bodiym anoxic 
H. Electrical of in ; 
MoLennan, H., Pascoz, J. E. and Brown, G. L. Failure of ganglionic 
transmission after postganglionic nerve section. 
Pain-producing substances in blister fluid 
Marxuam, J. W., ARMSTRONG, Dry, R. M. L. C. 
Pain-producing actions of tryptamine and 5-hydroxytryptamine . 
Marruews, B. H. C. An oil-operated microelectrode manipulator. 
Matruews, B. H. C. Hydraulic models — to analysis of sound by the 


cochlea . 
Marruews, B. H. C. Anais, The chano r properice of 
> central neurones 
Mit1s, J. N. Relationship electrolyte in the 
> diurnal rhythm 


Mort, J. C. The circulation of the 
> Mort, J. C., Wrppicomsz, J. G. and Dawes, G. 8. Carotid body stimulants 


’ xvii 4 
PAGE 
9P 7 
15P 
4P 
70P 
54P 
18P 
43P 
56P 
12P 
20P | 
20P 
60P 
16P 
10P 
16P 
68P 
61P 
23P 
28 P 
4P 
70P 
44P 
44P 
59P 
79P 
64P 
34P | 


xviii LIST OF AUTHORS 


von Muratt, ALEXANDER and ZOTTERMAN, shane Anaesthetic action of 
: anti-aneurins on sensory nerve endings 
Net, E., Duxe, Hexen N. and Green, J. H. 

during inhalation of carbon monoxide . 

Net, E., Eap, H. W. and Green, J. H. and non-puentile prosure 
on carotid sinus . ‘ 

Nissm, J. A. Effect of iron on reticulo-endothelial system . . . : 

Nissm, J. A. The entry of iron into liver parenchyma cells . é : : 

Nrxon, D. A. The occurrence of inositol in foetal blood and fluids ; ? 

Parmrat, A. 8. Conduction velocity of afferent fibres in vagus . 
Patmer, E. and Causry, G. Myelin and axoplasm after srechiiie. mam- 
malian nerves 
Parkes, A. Perry, W. L. M. end: M. Assay of ACTH on 
thymus 

Parkes, A. 8., D. J. snd C. D. 

Parkes, M. W. and Hatt, R. A. Effects of drugs upon neuromuscular 
transmission . 

Pascoz, J. E., G. ‘HL Failure of 
transmission after postganglionic nerve section . ; 

Paton, W. D. M. and Dovetas, W. W. Hypothermic aahton of ACTH ‘ 

Perry, W. L. M., Bruce, H. M. and Parxsgs, A. 8. Assay of ACTH on 
thymus ‘ 

Perry, W. L. M., W. and Gnay, J. A. B. of 
injection on spinal cord . 

Perry, W. L. M. and Tatzsnix, J. Ganglionic blocking drugs on ciliary 
ganglion 

Prcarp, C. W., J. M. and K. A. ‘The action of 
toxin on pregnancy 

PrrRENNE, M. H. On the functional stability of the 
retina 

Purvis, C. E. and H. Apparat for controlled over rong 
periods 

T. A. D. Somatic nerves containing no non- 
myelinated fibres . 
Riey, J. F. and West, G. B. Histamine in tissue mast cells 
Roserts, M. and Rosson, J. M. Histaminase content of rat uterus . é 
Roserts, T. D. M. Reflex interaction of synergic extensor muscles. ‘ 
Rosinson, Jupirx and Burn, J. H. Restoration of amine oxidase after 

denervation . 
Rosson, J. M., Dipcockg, K. w. The 
toxin on pregnancy 
Rosson, J. M. and Roperts, M. 4 
Ropeer, F. C., BELL, KaTHieen M. and Krrsy, A. R. The source of corneal 
nerve fibres . ‘ 


Ross, E. J. cif aqueous batries to email molecules 


PAGE 


64P 
63P 
4 32P 
66P 
1 70P 
20P 
4 2P 
j 28P 
1P 
2P 
65P 
55P 
18P 
20P | 
6P 
72P 
37P 
35P 
65P 
37P 


LIST OF AUTHORS 


Roveuton, F. J. W. and Ginson, Q. H. The Sand constants of the 
reactions Hb,X, + X= Hb,X, ‘ 
Rusuton, W. A. H. A transparent screen 


Rusaton, W. A. H. Apparatus for analysing the light the 
of the cat 


SANDERSON, P. H. and Dice, R. of 
SarnoFF, STANLEY J. Neurohaemodynamics of pulmonary oedema 


M. and Feipserc, W. Histamine release from skin by 


serum 

Hzstop, T. Stewart. Attempted stimulation of the stomach by phrenic- 
vagus anastomosis 

ScHOFIELD, Brenpa M. Ciliary sinalion dilatation of 

ScuweErTzER, A., CHUNGCHAROEN, D. and Daty, M. pz Bureu. Blood supply 
of carotid body 

ScHWEITZER, A. D. Davy, M. DE Bones. Blood 
of superior cervical and nodose ganglia . ‘ 

ScuwerrzErR, A., Dary, M. ond C. J. Carotid body 
blood flow 

Scuwerrzmr, A., M. DE C. J. 
of bronchomotor . 

A., Daty, M. DE ead C. J. Carotid 
blood flow. ‘ 

ScuweErrzer, A., Dary, M. DE C. J. Bronchomotor 

_Pesponses to gaseous composition of the blood 

G, D. H. and Quiiuiam, T. A. Somatic nerves no non- 
myelinated fibres . ‘ 

Suepnerp, D. M. and WsEst, G. B. Hydroxytyramine and the suprarenal 
medulla 

Srrver, P. H. 8. and Froyp, W. F. Ink-writer and cathode-ray oscillographs 
for electromyography . 

Y. K., West, G. B. and A. ood 

Smrru, A. N. Compound 48/80 and acid gastric secretion 

SépERBERG, and von Evier, Curt. Chemoreceptors in 
centres 

L. and M. Utilization of ACh during dis. 
charge of Hlectrophorus . 

Spencer, K. E. V. and H. M. of in 

Sprnxs, A. Thyroid hormone and amine oxidase in blood vessels. 

P. H. Tissue reactions of diphenylhydantoin sodium ss. 

SuraRMAN and THomson, M. L. A new technique for rene active end 
glands 

Sutton, C. D., 8. J. Care of experimental animals 

TALESNIK, J. and Fetpsere, W. Histamine recovery in skin ; 

TALESNIK, J. and Perry, W. L. M. drugs on 


PAGE 3 

46P 

47 P 

38P 

3P 

58P 

36P 

19P 3 

12P | 

20P 

20P 

60P : 

20P 

67P 

2P | 

36P 

41P 

13P 

30P 

9P | 

32P 

35P 

32P 

2P 
3P 
2P 


xx LIST OF AUTHORS 


Tanstey, KatHarine. The visual receptors of the bleak. 


Txomson, L. C. Localization of function in the rabbit's retina by an electro- 
physiological method . j 
Tuomson, M. L. and Surarman. A new technique for 3 enumerating active 
Tou, C. C. and Dovetas, W. W. The effect of 
tonin) on respiration in the dog 
CHRISTINE and Dicker, §. E. Antidiuretic titre of jugular 
blood . 
Vass, C. C. N. and A. F. blood 
Water, W. Grey. A simple model to show excitation and propagation . 
Werate, R. A. The central foveal sensitivity of a totally colour-blind observer 
West, G. B., Axoasu, A. and Srvna, Y. K. Acetylcholine and benzoylicholine 
West, G. B. and Riey, J. F. Histamine in tissue mast cells . ‘ ‘ 
West, G. B. and SHeraerp, D. M. Hydroxytyramine and the suprarenal 
Wuater, B, C. and Ciarxke, E. W. Utilization of “C-labelled amino-acids by 
heart 
WHITFIELD, I. C. end Heats, 8. Auditory responses of single nerve units at 
the level of the trapezoid body , . 
Wripp1comsBz, J. G. Stretch receptors in ‘ 
WrppicomsE, J. G., Dawss, G. 8. and Mort, J. C. body 
D. R. Volume changes in muscle . A 
Wixte, D. R. The coefficient of expansion of muscle . ‘ 
Wrixiz, D. R. and Assortt, B. C. Shortening velocity and 
curve of muscle. 
WriiMmer, E. N. The spectral snstivity curves of 
human red and green receptors. ° 
Winton, F. R. Renal interstitial pressure . 
Winton, F. R. Intrarenal and renal interstitial Sieilaies ‘ ‘ ‘ 
Wricat, D. E., Burstaty, Pameta A., Carron, W. T. Hestop, T. 
and ScHOFIELD, B. Attempted stimulation of the stomach by phrenic- 
vagus anastomosis 
Zarmis, E. J. difrences in response to neuromuseular blocking 
substances 
ZavatT, A, F. and MoDowars R. Ss. "Sodium anoxic 
muscle . 
anti-aneurins on sensory nerve endings . : 


75P 


PAGE 
51P 
71P 
28 P 
| 12P 
4 41P 
72P 
q 
4 
62P 
34P 
3 34P 
22P 
61P 
26P 
58P 
20P 
4 32P 
q 2P 
64P 


P 
P 
P 
P 
P 
P 
P 
r 
P 
P 
P 
P 
P 


J. Physiol. (1952) 117, 1-8 


THE PERMEABILITY OF INTERSTITIAL CONNECTIVE 
TISSUE AND THE NATURE OF THE 
INTERFIBRILLARY SUBSTANCE 


By T. D. DAY 


From the Department of Experimental Pathology and Cancer Research, 
Bohodl of Medicine, Leeds 


(Received 18 May 1951) 


This communication is concerned with an experimental study of the perme- 
ability of interstitial connective tissue with particular reference to the mode 
of action of hyaluronidase. It has been suggested that hyaluronidase increases 
connective tissue permeability by the degradation of a mucopolysaccharide 
substance present in it (Chain & Duthie, 1940; Duran-Reynals, 1942, 1950). 
On the other hand, reasons have been given for the belief that the inter- 
fibrillary substance, upon which the permeability of the tissue must largely 
depend, consists predominantly of protein (Day, 1947a, b, 1949). The object 
of the present study is to resolve this apparent contradiction. The findings to 
be described suggest that the interfibrillary protein constitutes a net of small 
mesh in which macromolecules of sufficient size can be impacted, without 
regard to their precise chemical nature. If the meshes of this net are naturally 
occupied by molecules of hyaluronic acid, the contradiction is resolved. 


METHODS 


Preparation of membranes. The material used was the entire fascia from the flank of a mouse 
of 20-30 g. After killing, a median incision was made through the skin of the trunk and extended 
at each extremity along the ventral aspect of the limbs on one side. The flap thus outlined was 
gently pulled away from the trunk and pinned on to a cork mat. The fascia appeared as a grey 
semi-transparent membrane covering the exposed undersurface of the flap. It was immediately 
moistened with physiological saline; one edge was grasped with fine pointed forceps and the 
fascia was dissected away as a continuous sheet. This was spread over the end of a glass tube o 
about 0-5 cm. internal diameter and of less than 0-1 cm. thickness and fixed as an occluding 
membrane by two or three tight-fitting rubber rings. The tube was then clamped vertically with 
the membrane immersed in a beaker of physiological saline. Care was taken that the continuity 
of the sheet of fascia was not broken during these manipulations and that it was not unduly 
stretched. After attachment, the tension on the membrane was sufficiently slight for it to show 
a marked downward convexity when supporting a column of saline 4 cm. above the level in the 
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Measurement of rate of flow. The time for the meniscus of the fluid in the tube to pass between 
two marks approximately 0-3 om. apart and representing a measured volume of 0-07 ml. was 
taken with a stop-watch. The lower of these marks was kept at a height of 4 cm. above the level 
in the beaker. During each experiment the level in the tube was maintained between this mark 
and a point 0-5 cm. above it by continuous addition of fluid with a pipette. The level in the 
beaker was kept constant throughout. Substitution of a fresh fluid in the tube was effected by the 
addition of successive small quantities close to the membranes, with removal from the upper part 
of the column, of fluid so displaced. 

Preparation of solutions kd 

Hyaluronidase. The content of one capsule containing 1000 units of Benger’s ‘Hyalase’ was 
dissolved in 100 ml. of 0-85 % (w/v) NaCl. It remained effective at room temperature for several 
_ Starch, The greater part of 100 ml. of 0-85 % NaCl was brought to the boil. 0-1 g. of soluble 
starch was suspended in the remainder, about 5 ml. The starch suspension was slowly added to 
the boiling saline. After cooling to room temperature, the water lost by evaporation was restored. 

Dextran. 0-1 g. of each fraction (vide infra) was added to 100 ml. of 0-85 % NaCl and heated, 
with stirring, in a water-bath until solution was complete. Water lost by evaporation was replaced. 

The pH of the saline, starch, dextran and hyaluronidase solutions was measured electro- 
metrically at the beginning and end of each experiment. The values lay between 5-0 and 5-5. All 
solutions were filtered before use. Except where otherwise stated, the temperature of the solutions 
in each experiment was between 18 and 16° C. 

Viscosity estimations were made at 20° C. with a standard U-tube viscometer BSS no. 0. The 
recorded viscosity is in every case the mean of three readings. 

Preparation of membranes for microscopy. The rubber rings were cut through, and the entire 
fascia spread out on a slide. Retraction of the tissue was prevented by drawing out its margins 
until they became dry and adherent and then sealing them to the slide with celloidin. In this way 
that part of the fascia which had occluded the tube retained its circular outline and occupied 
a similar area on the slide as it did when acting as a membrane. ; 


RESULTS 
The action of hyaluronidase 
Precise standardization of the thickness of the membranes and of the tension 
on them was not attempted. As might be expected, therefore, the rates of 
flow of saline through different membranes varied somewhat, and in the con- 
ditions described were in the order of 0-3-1-2 yl./sec. Faster rates of flow 
indicated a leak, and such membranes were rejected. 

Perfusion of a membrane with about 1-0 ml. of hyaluronidase solution was 
followed within 2 min. or less by a rapid quickening of flow with the establish- 
ment within 5 min. of a steady velocity which was never less than ten times, 
and often as great as twenty times the initial speed. The same effect was 
produced although rather more slowly when the membrane was merely im- 
mersed in hyaluronidase solution. 


Reversal of the effect of hyaluronidase by perfusion with starch 
The perfusion of dilute starch solution through a hyaluronidase-treated 


membrane in concentration as low as 0-005 % (w/v) was accompanied by 
a steady slowing of flow. The speed of flow remained slowed when starch 
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CONNECTIVE TISSUE PERMEABILITY 3 
perfusion was discontinued, and it did not increase with further perfusion 
with saline. However, the addition of salivary diastase (human saliva 
diluted x 10,000 in 0-85 % NaCl) to the saline perfusate caused a rapid 
acceleration of flow which mimicked the original effect of hyaluronidase 
(Text-fig. 1). This effect of dilute saliva must be considered to be due to the — 
action of diastase, since it was not observed in a membrane in which the 
hyaluronidase effect had been counteracted by perfusion with dextran (vide 
infra). Dextran, although a starch-like molecule, is not acted upon by the 
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Text-fig. 1. The acceleration of flow caused by hyaluronidase counteracted by perfusion with 
starch. Subsequent mimicry of the hyaluronidase effect by ptyalin. In order to bring out 
small variations in slow rates of flow, flow is recorded here and in Text-fig. 2 as time/standard 
volume. 


usual amylases (Ingelman, 1947). After successive treatment with hyaluroni- | 
dase, starch and ptyalin, perfusion of a membrane with a 0-1 % solution of 
dextran, mol. wt. 400,000, brought about further progressive slowing of flow. 


The effect of raising temperature upon the rate of reversal 
of the hyaluronidase effect 
The rate of slowing of flow which accompanied the perfusion of 0-1 % 
solution of starch through a hyaluronidase-treated membrane at 17° C. was 
0-14 pl./sec./sec. After the temperature of the perfusate and of the saline in 


which the membrane was immersed was raised to 35° C. the rate of slowing 
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altered to 0-05 pl./sec./sec. Therefore a rise of temperature of 18° C. produces 
inhibition of the process in the membrane to which slowing of flow must be due. 


Histological examination of a hyaluronidase-treated membrane 
after perfusion with starch 
A membrane which had been treated with hyaluronidase was perfused for 
2 hr. with 0-1 % starch, during which time the rate of flow was reduced from 
3-5 to 0-2 pl./sec. The membrane was removed from the tube, washed well 
with saline, and attached to a slide in the manner described. The preparation 
was then treated with an approximately 0-001 w solution of iodine in saline. 
The part of the tissue which had occluded the tube became dark blue. Micro- 
scopic examination of the blue area showed a continuous pale homogeneous 


staining extending across the interfibrillary spaces (Pl. 1B) and lying in 
approximately the same optical plane. 


The reversal of the hyaluronidase effect by fractions of dextran 

The molecular weight of naturally occurring dextran is very high, but by 
appropriate techniques the substance may be depolymerized and the smaller 
molecules separated into fractions of different mean mol. wt. (Ingelman, 1949). 
By the kindness of Dr F. Fletcher, three such fractions of mean mol. wt. of 
97,000, 205,000 and 400,000 were made available. Solutions of these fractions 
were perfused successively through a hyaluronidase-treated membrane in the 
order given, first at a concentration of 0-025 % (w/v), then of 0-05 % and 
lastly 0-1 %. The rate of flow through the membrane was plotted against time 
(Text-fig. 2). The relative viscosities of these solutions were measured and 
are recorded in Table 1. 

The experiment showed that the rate of slowing was determined both by 
the mean molecular weight and by the concentration of the solutions. Slowing 
was not dependent on viscosity, since the deceleration of flow given by 
a 0-02 % solution of mol. wt. 400,000 of a relative viscosity of unity was far 
greater than that produced by a 0-1 % solution of mol. wt. 97,000 with 
a relative viscosity of 1-03 (Table 1). But the possibility that viscosity might 
play any essential part in the slowing of flow was further excluded by the 
fact that once the rate of flow had been slowed by perfusion with starch or 
dextran further perfusion of the membrane with saline did not notably alter it. 


Dependence of the slowing effect upon flow 
The rate of flow through a hyaluronidase-treated membrane was measured 
under the standard conditions described. The membrane was then left to 
soak for 24 hr. in a 0-1 % solution of dextran, the mean molecular weight of 
which was 400,000, care being taken that the fluid pressures on either side of 
the membrane remained equal. Both sides of the membrane were washed 
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with saline. The speed of flow of saline through the membrane was again esti- 
mated and found to be 5 yl./sec. in comparison with the initial speed of 
5-8 yl./sec. The membrane was then perfused with the same dextran solution 
and immediate and characteristic slowing of flow took place. After 5 min. - 
perfusion the rate slowed down to 2:9 yl./sec. A precisely similar result was 
obtained using a 0-1 °% (w/v) solution of starch. 


01% dextran 


Flow (sec.)/standard vol. (70 pl.) 


0 


0. 20 40 60 80 

| Time (min.) 

Text-fig. 2. Membrane previously treated with hyaluronidase. Rate of slowing of flow brought 
about by perfusion with increasing concentrations of three fractions of dextran of mean 
mol. wt. 97,000, 205,000 and 400,000. At each concentration the rate of slowing was greater 
when larger molecules were perfused. 


TaBLeE 1. Relative vissnsities of the dextran solutions used in the 
experiment illustrated by Text-fig. 2 


Concentration (w/v, %) 


Mol.wt. 0-05 0-02 
97,000 1-03 1-01 1-00 
205,000 1-035 1-01 1-00 
400,000 1-04 1-01 1-00 
Effect of other macromolecular substances upon 
a hyaluronidase-treated membrane 


It has been reported previously (Day, 1950) that other macromolecular 
substances such as agar, chondroitin sulphate, gum arabic and pectin, in 
concentrations of 0-1 % (w/v) and under, caused slowing of flow when per- 
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fused through a hyaluronidase-treated membrane. Diluted serum and syno- 
vial fluid acted similarly. These observations have been confirmed, but since 
they would seem to add nothing of significance to the information which may 
be obtained from experiments with starch and dextran, further description of 
these results has been omitted. 


DISCUSSION 


It has been shown that a membrane of mouse connective tissue, although thin 
enough as to be almost transparent, offers considerable resistance to the flow 
of saline across it. This resistance would not be possible if the tissue were 
composed solely of the cellular and fibrous structures revealed by ordinary 
microscopy (Pl. 1A), since these components are separated from each other 
by spaces of up to 50 diameter or more. The resistance must largely depend 
therefore upon the presence of an interfibrillary substance. Methods by which 
the existence of such a substance may be demonstrated have been described 
previously (Day, 1947a, 6). The substance could be digested by trypsin and 
could be precipitated by adjustment of pH to within the range 4-5-3-5 or by 
the action of protein coagulants. Its microscopic appearance and its swelling 
reactions to changes in pH and salt concentration were not altered by treat- 
ment either with hyaluronidase or testicular extract (Day, 1947a). It is to be 
concluded that whatever other class of substance may be present, an important 
protein component must also exist in the interfibrillary spaces. It has been 
shown further that this component has tensile strength (Day, 19475) and is 
responsible for the cohesion of the tissue as a whole (Day, 1949). 

_ It has been recorded above that the rate of flow of saline through a membrane 
of connective tissue was increased to the extent of ten to twenty times by the 
action of hyaluronidase. This change could be reversed by perfusion of the 
membrane with a dilute solution of starch and it was shown that in the process 
starch accumulated in the interfibrillary spaces (Pl. 1B). The effect of salivary 
diastase upon a membrane thus treated mimicked the action of hyaluronidase 
on the normal membrane (Text-fig. 1). But even after successive treatments 
with hyaluronidase, starch and diastase, it was still possible to restore the 
original state of permeability of the membrane by perfusing it with a dilute 
solution of dextran. These observations suggest the conclusion that structures 
of a permanent nature must exist in the interfibrillary spaces which are 
capable of retaining large molecules such as those of starch and dextran when 
these are made to flow through the membrane. Further, it would seem that 
the progressive slowing of flow which accompanied the perfusion of these 
— was due to their increasing accumulation within the mem- 

rane 

With regard to the nature of this accumulation it was observed that it 
depended upon flow of macromolecules through the membrane, and that 
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mere soaking of the membrane in starch or dextran solutions had no such 
effect. A rise of temperature from 17 to 35° C. produced slight slowing rather 
than increase in the rate of accumulation. Accumulation must therefore be 
determined by other factors than chemical affinity. 

The effect of perfusion of solutions of dextran of different mean molecular 
weight showed a relationship between rate of slowing of flow and both the 
mean molecular weight and the concentration of the solution perfused (Text- 
fig. 2). This dependence of rate of accumulation upon the size and concentra- 
tion of the molecules in the perfusate suggests that the interfibrillary substance 
is capable of acting as a sort of submicroscopic sieve, the holes through which 
may be blocked by molecular impaction. _ 

It has been suggested previously that the interfibrillary substance consists 
essentially of networks of protein fibrils, and that this arrangement probably 
extends into the molecular range of size (Day, 1949). Such an arrangement 
might certainly act as a macromolecular sieve in the way suggested. 

The concept of the essential nature of the interfibrillary substance suggested 
by this study is, therefore, that of a protein micro-fabric which may be ren- 
dered less permeable to water by impregnation with macromolecules. Nor- 
mally the fabric may be assumed to be ‘waterproofed * by molecules or 
molecular aggregates of hyaluronic acid and it is to be supposed that the very 
striking 1 increase in the permeability of the tissue occasioned by hyaluronidase 
is due to the removal of these molecules. In this way it is possible to explain 
how it comes about that hyaluronidase can produce so great a rheological 
effect in connective tissue without any apparent structural derangement. 


SUMMARY 
1. The rate of flow of saline through a membrane of mouse connective tissue 


_ was increased ten times or more by the action of hyaluronidase. 


2. This effect was reversed by the perfusion of the membrane with dilute 
solutions of certain macromolecular substances. 

3. The process of reversal was accompanied by the accumulation of macro- 
molecules in the interfibrillary substance which in this respect acts as a mole- 
cular sieve. 

4, The capacity of the interfibrillary substance to segregate large molecules 
is referable to the permanent protein component previously described. 

5. The interfibrillary substance may be regarded as a protein micro-fabric 
which normally is to some extent ‘waterproofed’ by molecules of hyaluronic 
acid. This ‘ waterproofing’ may be removed enzymically and replaced by other 
macromolecular substances. 


I wish to thank Dr F. Fletcher of Messrs 
dextran, 
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EXPLANATION OF PLATE | oe 


A. Normal connective tissue mounted in weak iodine solution. The collagen fibres are separated 
by apparently empty spaces. x 110. 

B. Connective tissue which has been treated with hyaluronidase, perfused with starch and 
mounted in weak iodine solution. The interfibrillary spaces have become filled up with opaque 
blue material through which the collagen fibres run unstained. x 110. 
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THE REFLEX ACTIVITY OF THE RESPIRATORY CENTRE 


By I. CALMA 


From the Physiological Laboratory, Department of Physiology and H ny 
The University, Liverpool 


- (Received 16 July 1951) 


While it is generally recognized that the respiratory centre is stimulated 
reflexly by somatic and visceral impulses, no detailed analysis of the reflex 
responses relayed through the neurones of the respiratory centre has been 
made. Pitts (1943) studied the efferent side of the reflex arc by applying 
single or double condenser discharges to the inspiratory centre or to descending 
motor pathways and recording the responses from the phrenic nerve. In this 
work the afferent fibres and the upper synaptic region of the reflex arc were 
excluded from the investigation, and only the lower synaptic level of the 
phrenic motoneurones was brought under observation. In the experiments to 
be described the entire reflex arc has been studied and the character of the 
reflex response of the euncorgesi centre proper and of the phrenic moto- 
neurones analysed. 


METHODS 


Spinal, decapitate, decerebrate and chloralosed cats were used in this investigation. Spinal and 
decapitate preparations, with the spinal cord transected under ether anaesthesia through the 
atlanto-occipital membrane, have been used in those experitnents in which the reflex responses 
of the phrenic motoneurones, separated and isolated from the respiratory centre, were studied. 
After spinal transection the ether was discontinued, and artificial respiration instituted. Several 
nerves of the hindlimbs (nerve to the quadriceps, saphenous and sciatic nerves) or of the brachial 
plexus (cutaneous lateralis of the foreleg, median, ulnar and musculo-cutaneous) were prepared 
for afferent stimulation. The nerves of the hindlimbs were stimulated at the level of the groin; 
the stimulating electrodes were applied to the nerves of the brachial plexus 1-1-5 cm. above the 
elbow, except in the case of the cutaneous lateralis nerve which was stimulated about 1 cm. 
below. The third cervical root of the homolateral and/or controlateral phrenic nerve was dissected, 
cut peripherally, and prepared for recording. The nerves used for afferent stimulation and for 
recording were lifted in air or more often immersed in liquid paraffin. It was found convenient to 
prevent movement of the spinal and decapitate preparations by preliminary intravenous injection 
of 2 mg. D-tubocurarine. 

In other experiments cats under chloralose anaesthesia (0-06-0-07 g./kg. body wt.), or decere- 
brated under ether were used. To minimize troublesome movements of the limbs, the femoral 
and sciatic nerves were cut on both sides; in addition, all nerves of the brachial plexus were cut 
on one side near the upper edge of the first rib. In the forelimb of the other side several nerves of 
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10 I. CALMA 
the brachial plexus were isolated, cut peripherally and made available for afferent stimulation or 
for recording, and those not thus used were sectioned. The third cervical phrenic root was prepared 
for recording. 

Two identical condenser-coupled amplifiers were used in this work, driving one or two loud- 
speakers and a double-beam cathode-ray tube, which was used for photography. For stimulation 
a square-wave generator, having two independent channels and locked to the time base, was used. 


RESULTS 
Reflex activity of the phrenic motoneurones 


If an electric stimulus is applied to the central end of a nerve, the reflex 
responses obtained from the phrenic nerve may have been relayed at a number 
of levels in the neuraxis. In order to distinguish between the responses evoked 
by afferent volleys impinging directly on the phrenic motoneurones at a 
cervical level and those responses mediated by reflex centres situated at 
a medullary or higher level, it was necessary first to analyse the reflex 
excitability of the phrenic motoneurones separated from supraspinal centres. 
This was done by applying stimuli to various afferent nerves of spinal pre- 
parations in which the spinal cord was transected at the foramen magnum. 

In the great majority of the preparations no reflex response could be detected 
in the homolateral or controlateral phrenic nerves, following the application 
of single shocks to a number of cutaneous, muscular or mixed nerve trunks in 
the forelimb or hindlimb. By recording simultaneously from the phrenic and 
another nerve, such as the ulnar or median, it was possible to show that in 
most cases the absence of a reflex motor discharge in the phrenic nerve con- | 
trasted with a well-marked median or ulnar discharge in response to the 
same volley of afferent impulses. 

In a few preparations a phrenic reflex response was observed. For instance, 
in the experiment illustrated in Fig. 1, following stimulation of the central 
end of the right median nerve, a discharge occurred in the homolateral 
phrenic after a latent period of 6-5-7 msec. It consisted of a single, low- 
- amplitude elevation lasting 0-7-0-8 msec. More rarely this discharge was 
followed by two or three peaks of smaller amplitude than the first, separated 
by intervals of 0-2-0-5 msec. This must represent the reflex response of a dis- 
crete number of phrenic motoneurones, giving one or two bursts of impulses; 
its long latency suggests that this response is mediated by an arc comprising 
several interneurones. 

When the reflex response to a single afferent shock was recorded simul- 
taneously from the phrenic and another homolateral nerve (e.g. the ulnar), 
the ulnar discharge was found to differ from the phrenic in three respects: its 
latency was much shorter, being in some experiments 3-5-4 msec.; its ampli- 
tude was greater; and its duration might be five or six times as long as the 
phrenic response. When the reflex response following a single afferent shock 


af 
“J 
x 
3 
: 
3 
4 


REFLEX ACTIVITY OF RESPIRATORY CENTRE ll 


Fig. 1. “Fig. 2. 


Fig. 1. Cat, spinal. Consecutive sweeps; record from the right phrenic nerve; time marker 


500 cyc./sec. Stimulating electrodes on the right median nerve. The points of stimulation are 
indicated by the downward stroke at the beginning of each sweep. 

Fig. 2. Cat, spinal. Consecutive sweeps; in each sweep the records from above downwards are: 
record from the left phrenic; record from the right phrenic. Stimulating electrodes on the 
right median nerve. Time scale: 10 msec. The points of stimulation are indicated by the 
downward stroke at the beginning of each sweep. 


was recorded simultaneously from the homolateral and controlateral phrenics 
(Fig. 2), the latency and duration in successive sweeps were: 


Homolateral Controlateral 
"Latency Duration Latency Duration 
in msec in msec. in msec in msec 
6-6 0-5 9 10 
6-5 0-6 10-5 11-7 
6-6 0-5 10-2 
6-6 0-5 9 13 
73 0-6 12 13 


It is obvious that the controlateral reflex discharge is mediated by a con- 
siderably greater number of internuncials and that it involves a longer series 
of reverberating circuits than the homolateral reflex. | 

However, the fact that in the great majority of the experiments no reflex 
responses could be elicited, indicates that the phrenic neurones are not 
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generally available for reflex activation by afferent stimuli, at least of the kind 
used here, and that in any case their reflex excitability is a great deal less than 
that of neighbouring motoneurones. The absence of reflex responses In most 
experiments does not seem to be due to injury or to compression from 
haemorrhage in the vertebral canal, or to lack of blood supply to the upper 
cervical levels owing to spinal transection, because: (a) the reflex response Was 
easily obtained in spinal preparations after an intravenous inj ection of 
strychnine (50-100yg./kg. body wt.), although, even under the action of 
strychnine, the phrenic responses had a smaller amplitude and a shorter 
duration than those of ulnar and median neurones; and (b) other spinal 
reflexes were present when the phrenic reflex was absent, although originating 

at the same spinal level. — | 3 

It might be argued that the different levels of reflex excitability of the 
phrenic compared with the other motoneurone pools may be due to the fact 
that the latter are permanently facilitated by a continuous subliminal barrage 
of afferent impulses from peripheral receptors, while the phrenic moto- 
neurones lack such facilitating influences. It will be shown later, however, that 
even when the phrenic motoneurones were normally connected to the 
respiratory centre, stimuli delivered in inspiration usually failed to set up 
a reflex discharge with a latency compatible with that of a spinal reflex arc. 
It may be inferred therefore that the phrenic motoneurones are not directly 
activated through a reflex arc at a cervical level even in the presence of 
a barrage of impulses from the inspiratory centre. 

Lack of reflex motor responses does not necessarily signify lack of any 
reflex effect, as the afferent volleys might produce reflex inhibition of the 
phrenic anterior horn cells. Such inhibitory effect would not be apparent in 
spinal preparations because of the absence of a background of activity against 
which the inhibitory effect could be visualized. To test this possibility single 
shocks were applied to the ulnar or median nerve of a decapitate preparation, 
followed at varying time intervals by a second shock applied through fine 
needle electrodes to the anterolateral columns of the cervical spinal cord. The 
phrenic discharge caused by this second stimulus, delivered to the descending 
motor pathways impinging on the phrenic motoneurone pool, was not inhibited 
by the volley set up by the stimulus to the ulnar or median nerve. 

It is therefore concluded that the phrenic motoneurones differ from other 
anterior horn cells of the same region of the spinal cord of the cat in that 
their reflex activity is small compared with that of neighbouring motoneurone 
pools. | 


| Reflex activity of the respiratory centre 
In chloralosed cats with the respiratory centre normally connected to the 
spinal phrenic motoneurones, a single afferent shock delivered to the central 
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end of a cutaneous, muscular or mixed nerve caused a motor discharge to 
appear in the phrenic nerve, whose character was largely conditioned by the 
phase of respiration in which the stimulus is delivered. If the afferent stimulus 
was applied in mid-expiration, the discharge in the phrenic might be small or 


10 msec. 

Fig. 3. Cat, chloralose anaesthesia. Consecutive sweeps taken during expiration. In each sweep 
the upper record is from the right phrenic nerve; lower record from right ulnar nerve. 
Stimulating electrodes on right median nerve. Time scale: 10 msec. The points of stimulation 
are indicated by the dots near the beginning of the sweep. 


irregular as.it appeared only in a certain percentage of stimulations, or might 
even be lacking. As a rule, however, a motor discharge occurred in the 
phrenic nerve (Fig. 3); its latency was 19-22 msec. and its duration, although 
somewhat variable in different experiments, was usually 4-6 msec. 
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When. the reflex response to the afferent stimulus was simultaneously 
recorded from the median or ulnar nerve and from the phrenic nerve, it was 
found that the latency for the spinal reflex varied between 3 and 4 msec., thus 
indicating the order of value for the spinal latency. Furthermore, from the 
experiments described in the preceding section it appeared that the latency 
for the reflex discharge of the phrenic motoneurones occasionally recorded — 
was of the order of 6-7 msec. These facts point without any doubt to the 
supraspinal origin of the reflex phrenic discharge during expiration. As it 
occurs in decerebrate preparations, the centre most probably concerned is the 
respiratory centre. 

According to Therman (1941) an afferent shock delivered to the ulnar or 
median nerve reaches the region of the reticular formation within 3-4 msec., 
and Pitts (1943) found that single stimuli applied to the inspiratory centre 
during expiration caused a discharge in the phrenic nerve after a latency of 
6-9 msec. Therefore the afferent and efferent conduction would account for 
9-13 msec., and as the latency observed in the present experiments was 
about 20 msec., the nuclear delays in the relaying respiratory centre must 
amount approximately to 7-10 msec., indicating a considerable number of 
synaptic junctions. 

During inspiration the phrenic discharge occurred regularly after stimulation 
of an ipsilateral nerve. On stimulation of the median nerve (Fig. 4) the 
latency of the reflex response was usually 16-17 msec., the shortest latency 
observed being 13 msec. Shorter latent periods were usually observed in the 
later stages of inspiration and when the stimulus was large. The size of the 
response tended to increase from the beginning of inspiration and reached 
@ maximum towards its end. The duration of the response was 10-15 msec., 
indicating an asynchronous discharge along the phrenic fibres. There was 
usually a large single elevation upon which were superimposed irregular 
peaks, in some cases with the character of spikes, probably due to single-fibre 
activity or to the synchronous discharge of small groups of fibres. In other 
cases if the afferent stimulus was small, there might be only an intensification 
and a quickening of the waves due to the inspiratory discharge. The type of 
response was substantially the same whatever afferent nerve was stimulated. 

It has already been pointed out that the background of spontaneous 
respiratory activity had a conditioning effect on the reflex response. A more 
complete picture of the variations of the reflex response in relation to 
the phases of the respiratory cycle was obtained in experiments in which 
stimuli were applied at regular intervals throughout inspiration and expiration, 
their frequency being 1-2/sec. At such frequencies the individual reflex 
responses set up by each volley were well defined and sufficiently well spaced, 
so that there was no merging of the responses into the succeeding ones. It was 
clear from such records (Fig. 5) that the reflex excitability of the centre 
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10 msec. 

Fig. 4. Same experiment as Fig. 3. Consecutive sweeps taken during inspiration. In each sweep 
the upper record is from the right phrenic nerve; lower record from right ulnar nerve. 
Stimulating electrodes on right median nerve; strength of stimulation constant as in Fig. 3. 
Time scale: 10 msec. The points of stimulation are indicated by the dots near the beginning 


of the sweeps. 
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remained constant throughout expiration and did not increase even when the 
inspiratory discharge was about to start. With the beginning of the in- 
spiratory discharge the magnitude of the reflex response increased or began to 
appear if it had been absent in expiration. ; 

The dual nature of the reflex response, Besides the excitatory effects of the 
afferent volleys on the respiratory centre, there is also evidence of changes 
of an opposite nature. It is clear from Figs. 4 and 5 that during inspiration 
the excitatory reflex response was preceded, and sometimes also followed, by 
a period during which no inspiratory action potentials could be recorded from 
the phrenic nerve. This abolition of the inspiratory discharge must be due 
to a phase of subnormality occurring either at the inspiratory centre or at the 


phrenic synapses. 


1 sec. 
Fig. 5. Cat, chloralose anaesthesia, Records of two inspiratory discharges from the right phrenic 
nerve (lower trace in each section). Upper trace: right ulnar nerve. At each stroke single 
shocks are delivered to the right median nerve. Time scale: 1 sec. 


It was found that, as a rule, this subnormal phase occurred, or was more 
_ Sharply defined, when the discharge of the inspiratory centre had sponta- 
' neously increased during experiments involving repeated and prolonged 
stimulation of afferent nerves or was potentiated by intravenous injection of 
lactic acid or by increase of the dead space. Further, the subnormal phase was _ 
more marked when the afferent shocks were of moderate or high intensity. 
The temporal relations of the reflex excitation and inhibition were as follows: 
The afferent shock was followed by a latent period whose duration depends on 
the strength of the stimulus delivered to the afferent fibres. With weaker 
stimuli the latency was 9-10 msec., and with stronger ones the latent period 
was shortened to 5:5-7-5 msec. Following the latent period the spontaneous 
inspiratory discharge was abolished or decreased for a period of 8 msec. in 
the case of weaker stimuli, or for as long as 13 msec. for stronger shocks. At 
the end of the subnormal phase there followed the excitatory reflex discharge 
whose characters have already been described. When the subnormal phase 
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was well developed, the excitatory discharge wassometimes shorter and slightly 
more delayed in appearance. In some experiments, immediately at the end of 
the reflex response there was a resumption of the spontaneous inspiratory 
discharge, but in other experiments a second phase of inhibition lasting 
5-8 msec. followed after the reflex discharge. It has not been possible to 
decide whether these two inhibitory phases are due to two different events 
taking place in a temporal sequence or whether there occurs a single inhibitory 
phase of long duration during which the reflex response breaks through. If 
this second alternative is true, the excitatory phase may appear to be inter- 
calated between two phases of inhibition, or if it occurred towards the end of 
the subnormal phase, the inspiratory discharge would follow immediately 
after it. | 

The same pattern of response was observed when, instead of well-spaced 
reflex stimulation, stimuli at higher frequencies (5-10/sec.) were used. 

Vagal inhibition. The time course and the character of the reflex response 
obtained when the central end of the vagus is stimulated are entirely different 
from the phrenic discharges which occur on stimulation of somatic nerves. 

A single shock applied to the central end of the vagus during inspiration 
caused a motor discharge to appear in the phrenic nerve, followed by a period 
of inhibition (Fig. 6). The latent period for the excitatory effect was generally 
about 30 msec., although latencies of 25 and 35 msec. have been observed. The 
excitatory response had the same general characters of the response obtained 
on stimulation of somatic afferent fibres, being formed by an asynchronous 
discharge in which it was sometimes possible to recognize the responses of 
small groups of fibres. This phase was then followed by a period of inhibition 
during which there was absence of inspiratory phrenic activity, and whose 
duration was somewhat variable; inhibitions up to 100 msec. have been 
observed following one single afferent volley. 

When multiple afferent stimuli at frequencies of 10—20/sec. were applied to 
the afferent vagal fibres, the initial excitatory phase disappeared and the 
phases of subnormality merged into one another. 

The subnormality observed in experiments in which somatic afferent fibres 
were stimulated had a time course and features of an entirely different 
character from the inhibition due to vagal afferent shocks, thus indicating that 
there are profound differences in the organization of the afferent pathways and 
in the synaptic circuits used by the two types of reflexes. 


DISCUSSION 

Stimulation of a wide variety of nerves by single shocks has, as a rule, no effect 
on the phrenic spinal motoneurones, in the sense that they are neither reflexly 
stimulated nor inhibited at a spinal level. In this the phrenic motoneurone 
pool appears to behave quite differently from neighbouring motoneurones. 
PH. OXVII. 2 
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The phrenic anterior horn cells are not thrown into activity by afferent 
stimulation even when inspiration takes place and a background of facilitation 
exists at the phrenic synapses. The results of these experiments do not offer 
any positive evidence as to the reasons for these findings, but it does not seem 
improbable that they might be due to the small number of afferent nerve 
endings impinging directly or through internuncials on the phrenic moto- 
neurones. If this is the case, the phrenic anterior horn cells seem to differ 


Fig. 6. Cat, chloralose anaesthesia. Consecutive sweeps taken during inspiration. Record from 
the right phrenic nerve. Stimulating electrodes on the right vagus nerve. The points of 
stimulation are indicated at the beginning of the sweeps. Time scale: 10 msec. 


-from other motoneurones in that they are not influenced by afferent impulses 
and remain therefore under the single control of the descending pathways from 
the respiratory centre, and from supramedullary centres. It would follow that 
the diaphragm, in contrast to other skeletal muscles, can be reflexly influenced 
only through the co-ordinating and integrating respiratory centre, and cannot 
be affected by impulses from the peripheral receptors at a spinal level. This 
must be related to the fact that the diaphragm is thus enabled to carry out 
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only inspiratory functions and does not play any part, unlike other skeletal 
muscles, in the maintenance of body posture or similar functions. 

The reflex activity of the respiratory centre is quite clearly shown by the 
results described, both excitatory and inhibitory effects having been recorded 
following a single volley of afferent.impulses. There appears to be a summation 
of the effects of the afferent impulses and of the spontaneous rhythmic 
respiratory discharges, since the reflex response is larger in inspiration than in 
expiration. This confirms the findings of previous workers (Pitts, 1943). 

Together with the excitatory effects, stimuli in mid-inspiration yielded 
evidence of a well-marked subnormal phase generally preceding the reflex 
motor discharge. This response has some points in common with that observed 
by Pitts (1943) on stimulation of the inspiratory centre, which consisted of 
a motor phrenic discharge followed by a subnormal phase lasting some 30 msec. 
Although Ta the present experiments the subnormal phase preceded the reflex 
motor discharge, other features of the subnormal phase observed by Pitts 
agree with those described in this paper (e.g. the relation between the sub- 
normal phase and the strength of the afferent stimulus or the level of activity 
of the respiratory centre). Pitts attributes the inhibition to the phrenic spinal 
synapses, on the ground that the phase of subnormality has the same duration 
as that obtained by antidromic stimulation of the phrenic motoneurones and 
on the strength of a subnormal period following a shock delivered to the 
anterolateral spinal columns. However, these tests do not seem to be ab- 
solutely conclusive; the antidromic stimulation is scarcely comparable with 
a dromic one and the subnormal period following anterolateral column 
stimulation might possibly be to the fact that such stimulation would 
inhibit the inspiratory centre, being conducted antidromically to the medullary 
neurones. If the latter were inhibited, the facilitation at a spinal level would 
decrease or be abolished and a subnormal phase would thereby result. 

As Pitts found, it proved difficult to analyse this inhibitory effect satis- 
factorily. A spinal location of the mechanism responsible for the subnormal 
phase seems to be improbable in view of the fact that no inhibition of the 
phrenic neurones by afferent stimuli could be recorded when the neurones 
were activated by stimulation of the anterolateral columns. 

Two hypotheses remain to be considered: (a) that the inhibition is due to 
stimulation of the expiratory centre (Pitts, 1942). It is difficult to see, how- 
ever, why the latency of this effect should be so much shorter than that of the 
excitatory reflex; (b) the inhibitory phase might be due to the afferent 


_impulses blocking the synapses through which the inspiratory motoneurones 


are recruited. On this view the inspiratory motoneurones of the respiratory 
centre would be recruited by impulses conducted in short connecting axons 


_ through the reticular formation. If following the arrival of the afferent 


volley the pathways responsible for such activation are made ee the 
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recruitment of inspiratory motoneurones should stop, and a subnormal phase _ 
would thereby result. The reflex discharge, which occurs after a latency of — 
about 20 msec., could then be explained only by assuming that the afferent 
impulses are kept in being by short reverberating circuits throughout the — 
latent period, after which they would stimulate the inspiratory motoneurones. 
In any case these are tentative suggestions, not supported by any experimental 
proof. However, the phase of subnormality, together with the excitatory 
effects resulting from afferent stimulation, might help to explain the con- 
trasting effect on the respiration caused by stimulation of afferent nerves 
(Gesell & Hamilton, 1941). ? 

The effects of vagal stimulation show that the character and the time course 
of the reflex discharges are quite different from those brought about by 
stimulation of somatic afferent fibres, pointing to differences in the organiza- 
tion of the reflex pathways. With single shocks the period of inhibition is 
preceded by an excitatory discharge; it is interesting that an excitatory 
component was found by Knowlton & Larrabee (1946) using the inflation of 
the lungs as a stimulus, although only when the inflation was greater than it 
is physiologically. This double component of the vagal response may also 
explain the results of Wyss (1947), who found that the effects of stimulation 
of the central end of the vagus are conditioned by the frequency of 
stimulation. 

SUMMARY 


1. The phrenic motoneurone pool differs from neighbouring anterior horn 
cells in that it is only occasionally reflexly activated by afferent impulses 
_ applied to a variety of somatic nerves. 

_ 2. A single afferent volley causes a motor discharge in the phrenic nerve, 
the afferent impulses being relayed most probably in the respiratory centre. 

3. The character of the reflex response is conditioned by the spontaneous 
rhythmic activity of the respiratory centre. 

4. An afferent volley causes a phase of subnormality in the respiratory 
complex, which precedes the motor discharge. The site of the mechanism 
responsible for this subnormal phase appears likely to be in the inspiratory or 
expiratory centre. 

5. Stimulation of the central end of the vagus by single shocks causes 
a brief motor discharge followed by a phase of prolonged inhibition. At higher 
ps of stimulation the phases of inhibition fuse together and the motor effects 

ppear. 
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APPENDIX 


The purpose of this note is to describe a few observations on the effect of 

p-tubocurarine on the respiratory centre. It was noticed that in a decerebrate 
cat, paralysed by intravenous injection of p-tubocurarine and whose blood 
was kept fully oxygenated by artificial respiration, inspiratory discharges 
could still be recorded from the phrenic nerve. Such inspiratory discharges 
could be abolished by increasing the rate and depth of the artificial ventilation, 
_ but the latter had to be increased very extensively in order to stop the in- 
spiratory activity in the phrenic nerve. A few experiments were therefore 
performed to establish whether p-tubocurarine had any effect on the dis- 
charges from the inspiratory centre. Decerebrate cats were maintained on 


TaBLe 1. Effect of p-tubocurarine on respiration 


No. of respirations No. of irati No. yes. gg 


15 0 4 
18 0 4 
20 0 5 
25 0 8 
16 0 4 


artificial ventilation, and the rate and depth of the pulmonary ventilation 
carefully regulated so as to be just sufficient to abolish the discharges from the 
respiratory centre. When 0-2 mg. D-tubocurarine was injected intravenously, 
there was a resumption of the inspiratory discharges in the phrenic nerve. 
The results are summarized in Table 1. They indicate that p-tubocurarine 
sensitizes the respiratory centre to the various stimuli which act on it in the 
experimental conditions. On the assumption that artificial ventilation removes 
the CO, drive on the respiratory centre, the resumption of the inspiratory 
discharges following injection of p-tubocurarine must indicate a lowering of 
the threshold of the inspiratory motoneurones to CQ, stimulation. In con- 
sequence the respiratory centre resumes its activity even in the face of a 
lowered pCO,. 

These results are in general agreement with those obtained by Salama & 
Wright (1950). 

I would like to thank Mr D. V. Roberts, who helped me in the early experiments, and Prof. R. A. 
Gregory for his criticism of the manuscript. 
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PERSISTENT 24-HOUR RENAL EXCRETORY RHYTHM 
ON A 12-HOUR CYCLE OF ACTIVITY 


_ ByJ.N. MILLS ann 8S. W. STANBURY* 


From the Departments of Physiology and Medicine, 
University of Manchester 


(Received 31 August 1951) 
Many investigations have defined the principal features of the diurnal rhythm 


of electrolyte and water excretion without contributing significantly to an 


understanding of its causes or mechanisms (Kleitman, 1939). Beyond its 
association with and apparent dependence upon the alternating rhythm of 
sleep and wakefulness, little is known of the renal or extrarenal influences 
which determine the rhythmic excretory change. Of the many concomitants 
of habitual sleep and wakefulness, change of posture can be eliminated as 
causing the renal changes, since assumption of recumbency during the daytime 
leads to increased water and electrolyte excretion (Wendt, 1876; White, Rosen, 
Fischer & Wood, 1926; Brun, Knudsen & Raaschou, 1945), whereas the 


recumbency of normal nocturnal sleep is associated with oliguria and 


diminished electrolyte excretion (Quincke, 1877; Laehr, 1890; Bazett, 
Thurlow, Crowell & Stewart, 1924; Simpson, 1924, 1926, 1929; Norn, 1929). 
It has also been shown that the excretory rhythm is not dependent upon 
periodicity of food intake, since it persists when identical meals are taken at 
regular intervals throughout the twenty-four hours (Borst & de Vries, 1950; 
and others). 

Several attempts have been made to explain the diurnal excretory rhythm 
in terms of known renal mechanisms. Sirota, Baldwin & Villarreal (1950) 
showed that the glomerular filtration rate fell slightly during sleep, and 
Wesson, Anslow & Smith (1948) suggested that this might be responsible for 
the diurnal variations in sodium output. Neither of these groups of workers 
published any data on sodium excretion or on plasma sodium concentration. 
Borst & de Vries (1950), who measured neither filtration rate nor plasma 
electrolyte concentrations, concluded that the diurnal excretory rhythm 
reflected changes in renal tubular function secondary to a rhythm of adreno- 
cortical activity. Stanbury & Thomson (1951) gave reasons for rejecting the 
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last hypothesis,.and it has also been found that severe cases of Addison’s 
disease may exhibit a well-marked diurnal rhythm of excretion (O. Garrod, 
personal communication to 8.W.8.). Stanbury & Thomson (1951) studied 
simultaneously the glomerular filtration rate, plasma electrolyte concentra- 
tions, changes in urine pH and changes in the excretion of Na*, K*, NH;, 
Cl’, HCO; and phosphate. They found a close correlation between changes in 
urine pH and changes in electrolyte excretion; the diurnal rhythm of Na*, K* 
and Cl” excretion appeared to be intimately linked with a simultaneously 
occurring cycle of acid or alkali excretion. It was suggested that although 
small diurnal changes in glomerular filtration rate might contribute to the 
production of the rhythm, cyclic changes in tubular function must also take 
place. Reasons were given for believing that neither adrenocortical nor posterior 
pituitary hormones were concerned in the production of these cyclic changes. 
- Mills (1951a, 6), who studied only the diurnal changes in urine flow, used 
the alternative approach of suspending the customary external periodicity of 
habit and was able to show that even after 6 days of inversion of the sleep 
rhythm, the urine flow maintained its original 24 hr rhythmicity. It seemed 
important to know whether the diurnal rhythm of electrolyte excretion was 
also resistant to change of habit; and whether, as suggested by Stanbury & 
Thomson (1951), the urinary flow rhythm was ascribable to the rhythm of 
electrolyte excretion. In the present investigation we have used the 12 hr 
routine described by Mills (19516), measuring electrolyte excretion in addition 
to urine flow. We have also sought evidence of a 24 hr rhythmicity in alveolar 
carbon dioxide tension since reduction of alveolar carbon dioxide by over- 
breathing was the only way in which Stanbury & Thomson (1951, 1952) 
succeeded in simulating the matutinal behaviour of the kidney, and since an 
evening rise and matutinal fall of alveolar CO, tension, independent of sleep, 
has been recorded by Straub (1915), Bass & Herr (1922), Cohen & Dodds (1924), 
and Kroetz (1926). A preliminary account of these experiments has already 
appeared (Mills & Stanbury, 1951). 


METHODS 

Five subjects, aged 20, 20, 21, 25 and 36 years, with no history of renal disorder, spent 48 hr 
a routine exactly repeated every 12 hr as follows: — 

3.00—4.10 prepare, eat, and clear up main meal, 

4.20-8.10 sleep, 

8.15-8.45 small meal of biscuits, 

8.45~12.00 mainly sedentary occupation, doing analyses, etc., 

12.00-3.00 strict rest in easy chair, where they could void urine without rising. 
The main meal was of constant nature, with a water content of 380 g, supplemented by a number 

of biscuits adjusted to individual taste but exactly repeated in each 12 hr period, as was also the 
small meal and the fluid ingestion of 390-530 ml. milk and water. Except for one accidental 
omission, this was all drunk before 10.00. No alcohol nor caffeine derivatives were consumed nor 
was tobacco smoked. 
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The experiment was performed in a darkened basement room, artificially lit for the waking 
hours, with an equable temperature showing no diurnal rhythm. External periodicity, both 
meteorological and social, was thus excluded. 

The routine was arranged so that those factors under least perfect control, the occurrence and 
depth of sleep and the timing of the changes in urine resulting from meals, should be as far 
separated as possible from the 3 hr after midnight and midday when frequent measurements were 
to be made. a 

Rectal temperature was determined with clinical thermometers, inserted until a constant 
reading was attained, on retiring to sleep, on waking, and every half-hour between 12.00 and 3.00. 

Haldane-Priestley end-inspiratory alveolar samples were delivered into evacuated tubes and 
were analysed in duplicate with the Haldane apparatus. ore 

Urine was passed before and after sleep, about 10.00, at 12.00, and every half hour until 3.00. 
It was stored in screw-topped bottles to minimize CO, loss, and subsequently analysed as follows: 

pH, with glass and calomel reference electrodes and ‘Cambridge’ pH meter, standardized 
against ‘Cambridge’ standard pH solutions. These determinations were all completed within 
24 hr of the end of the experiment and most were performed within a few hours of voiding. 

Chloride, Volhard-Whitehorn without filtration. A few were checked in an independent depart- 
ment by another analyst and agreed within 1 or 2 m.equiv/I. 

Sodium and potassium, flame photometer. 

Phosphate, Fiske and Subbarow. 

Two urinary collections, giving flows of 0-13 and 0-10 ml./min for 75 and 141 min, were presumed 
to be erroneous and were ignored. | 

For convenience in referring to corresponding points in successive 12 hr cycles the 12 hr system 
of time recording has been used in the text. The 24 hr system has been used in the figures to 
demonstrate the habitual 24 hr rhythms. _ 


_ RESULTS 

Urine flow. In every subject a 24 hr rhythm in urine flow was clearly 

discernible when corresponding times in successive 12 hr cycles were compared. 

Thus in Fig. 1 it is seen that flow was low during nocturnal sleep only, and 

a conspicuous waking diuresis occurred at 8.15 a.m. only. With subjects at 

complete rest at 12 o’clock the urine flow was always high, but the midday 
peaks were far above the midnight ones. | 


For the flow between 3 and 12, the five subjects provide fifty-eight possibl pari between 
an a.m. and a preceding or subsequent p.m. flow. With only two exceptions, the flow between 
3 and 8.15 was higher in the afternoon, and between 8.15 and 12 was higher in the morning than 
in the evening. Each period from 12 to 3 provided six figures for urine flow, in consecutive half- 
hours, so that the significance level of each individual comparison could be assessed. The flow very 
often fell steadily during this period, and where this was so the standard error of the mean of 
differences between corresponding a.m. and p.m. samples, 12—12.30, 12.30-1, etc., was calculated; 
otherwise, the standard error of the difference between the mean of each series of six. determina- 
tions was used, giving twice the degrees of freedom. 

From the five subjects, fifteen comparisons were thus made between consecutive midday and 
midnight flows. Three of the differences were not significant; for the other twelve, midday always 
exceeded midnight flow, with 0-05 >P>0-01 in four, and 0-01 >P in the other eight. 


Whatever may be the cause of the variations corresponding to activities 
within each 12 hr cycle, such as the high flow which is commonly observed on 
sitting down, it is clear that these are superimposed upon a habitual 24 hr 
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cycle of urinary flow, which has persisted despite the suspension of any 24 hr 
rhythm in habit or environment. 


14 Water ingested (ml.) 


0-9 


Urine flow (ml./min) 
>? 


> 


0-4 
TT 
Hours 
Fig. 1. Urine flow during 48 hr. Mean of all five subjects. 
Sleep Sleep Sleep Sleep 
sik I 
a Subject W. 
6°6F 
62} 
be 
50 


1518 2124 3 6 9 12151821243 6 9 121 
Hours 
Fig. 2. Subject W. Urinary pH during 48 hr. 


Urinary reaction. The pH of the urine showed in all subjects, like the flow, 
a clear-cut 24 hr rhythm superimposed upon fluctuations occurring in each 
12 hr cycle. Of the latter, the most obvious was the alkalinity which always 
developed during sleep and is well shown in Fig. 2 in which it is also apparent 
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that the urine flow was much more alkaline during afternoon than during 
morning sleep. This alkalinity contrasts markedly with the acidity observed 
in sleep urine during life on an ordinary routine. It has not been further 
investigated, but it should be noted that the sleep period was the only period 
when the subjects were completely recumbent, and that it followed the main, 
and proteinous, meal. It may not therefore be a consequence of sleep per se. 
On two occasions when the subject, though recumbent, failed to sleep, a 
similar alkaluria developed. 


140 


K output (ssequiv/min) 


Na output (jequiv/min) 


Hours 


Fig. 3. K (above) and Na (below) output during 48 hr. Mean of all five subjects. 


What concerns us here is that, with only three exceptions out of the forty- 
five possible comparisons between a.m. and p.m. samples in the periods 12-3, 
3-4.15 and 4.15-8.15, the morning urine was always more acid than the cor- 
responding afternoon urine—a result which would occur by chance less than 
once in two thousand million times. Between 8 and 12 this rhythm of urinary 
pH is less apparent, although now the morning urine tends to be more 
alkaline. 

Excretion of sodium, potassium and chloride. A 24 hr rhythm was discernible 
in the excretion of all these three electrolytes, being most regular for potassium 
and least for sodium. Fig. 3 shows the mean outputs of both these electrolytes. 
The fluctuations are clearly determined by the habitual 24 hr cycle, and almost 
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uninfluenced by the 12 hr cycle on which the subjects were living. Sodium and 
potassium excretions were fairly well correlated (r =0-582-0-884), as shown in 
Fig. 4, so the major diurnal fluctuations in excretion of each are probably 
expressions of the same variations in renal function. 

Although for all subjects the correlation between Na and K excretion rates 
was highly significant, it was not very high for 8., W. and X. The deviations 
of Na excretion from linear regression on K excretion have therefore been 
examined for these three subjects, and have been found to be due in part to 


Subject P. 


Na=25+2:28K 


Sodium excretion (pequiv/min) 
8 
T 


20 40 6 8 100 120 140 
Potassium excretion (jequiv/min) 
Fig. 4. Subject P. Sodium excretion plotted against potassium excretion measured over periods 
of 1 hr and over, with regression lines inserted. @, waking samples; ©, sleep samples. 


regular variations over each 12 hr cycle. Since Na and K content of the food 
was not determined, and might well have had a differential effect upon the 
excretion of the two ions, a full analysis of variance did not appear justified. 
There was no indication whatever of a 24 hr rhythm in the deviations from 
regression, which supports our conclusion that, whatever may be the diurnal 
thythmic influence upon the kidney, it is one which affects Na and K alike. 
Phosphate excretion. Each subject developed a 12 hr cycle of phosphate 
excretion, and two representative examples of this effect are shown in Fig. 5. 
While it cannot be denied that some subjects, such as S., showed signs of 
persistence of the customary 24 hr rhythm (Fiske, 1921), there was no close 
correspondence between the output of phosphate and of other electrolytes. 
They varied sometimes together, sometimes in opposite directions. It is hard 
to believe that there is any close causal connexion between them. 
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Alveolar carbon dioxide tension. At about 12.40, 1.40 and 2.40 in each period 


alveolar samples were collected from each subject. Each was obtained by 


pooling in the same sampling tube three different samples given at intervals of 
1 or 2 min. The subjects had thus been seated at rest for over 4 hr before the 
first sample was given, so that all three, at hourly intervals, should be com- 
parable. It was thought that if the alleged 24 hr. cycle of sleepiness and wake- 
fulness (Kleitman, 1939) caused any decrease and increase in the excitability 


Sleep Sleep Slee 
a 


Subject S. 


Phosphate excretion (umole/min) 
SB ee eee 


18 2 
48 6 197 24° 6 745 
Hours 


Fig. 5. Phosphate excretion during 48 hr. @—®, subject S; O—O, subject P. 
of the respiratory centre, this should be manifested by higher alveolar carbon 
dioxide tensions in samples collected between midnight and 3 a.m. than in 
those collected between midday and 3 p.m., despite the identical nature of the 
previous activities of the subjects. This expectation was not fulfilled. 


TaBLz 1, Variance analysis of alveolar CO, tensions. ‘Series’ indicates a series of determinations 


at hourly intervals during a 3 hr period 12 and 3 o’clock. The units are mmHg. 
Results for all 5 subjects are pooled. 
n S (x Variance 
Variance within series 35 46-065 1-316 
Variance between series for one subject 14 27-792 1-985 


One subject, 8., showed small but regular and significant fluctuations, the 
mean CO, tension of five samples collected shortly after midnight exceeding 
the mean tension of six samples at midday by 1-3+ 0-4 mmHg. The other 
subjects showed no signs of such a rhythm. The variance analysis of Table 1 
shows that, taking all five subjects together, the variance within sets of three 
samples collected over a period of 3 hr is nearly as great as the variance 
between the four such sets obtained at 12 hr intervals on any one subject. 
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The P value for the variance ratio exceeds 0:3. All the alveolar samples given 
by any one subject might therefore be randomly selected members of the same 
population. | 

Sleep and rectal temperature. Two subjects failed to sleep during the first 
period in the afternoon, and in one of these and one other the afternoon sleep 
was regularly lighter and less continuous than the early morning sleep. Since 
everyone present was participating in the experiment it was impossible to 
obtain more definite evidence whether we showed a diurnal rhythm of 
sleepiness (Kleitman, 1939). 

All subjects showed a persistent 24 hr rhythm in rectal temperature similar 
to that observed by Kleitman, although in some the temperature was also 
affected by the varying influences within each 12 hr cycle. Two examples are 
shown in Fig. 6. | . 

cane Sleep Sleep Sleep 


99-6 
99:2 
99-4 
976 | 
968 | 


Subjects M. and W. 


Rectal temperature 


1 
24° 6 12 187 24 6 74° 


Hours 
Fig. 6. Rectal temperature during 48 hr. O- - -O, subject M; @—@, subject W. 


Correlation between the functions measured 

Inspection of the data showed an obvious correlation between flow and 
electrolyte excretion. Since Na and K account for the bulk of the cations, 
whilst one extremely variable anion, bicarbonate, was not determined, a formal 
demonstration of this correlation was sought by calculating regression lines 
of flow upon minute output of Na+K. The full results are shown in Fig. 7. 
The regression functions for all five subjects were almost identical, so a single 
function, flow in ml./min =0-155 + 2-27 x cation excretion in m.equiv/min was 
calculated for the pooled data. This regression function accounts for 79% of 
the variance of urine flow. It would thus appear likely that flow is largely 
osmotically determined by the output of electrolytes. A similar increase in 
flow per increment of loading solute was found by Rapoport, Brodsky, West 
& Mackler (1949) during osmotic diuresis in hydropenic man. 
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It might be objected that urine flow enters into the computation of the 
quantity with which it is correlated, electrolyte output, and that we have 
introduced a spurious correlation both here and between output of Na and K. 
This objection is, however, only valid if a major source of variation is experi- 
mental error in flow determination. Volume errors due to incomplete emptying 


Urine flow (ml./min) 


Urine flow (ml./min) - 


100 200 300 400 500 
Cation excretion (prequiv/min) 
Fig. 7. Urine flow plotted against cation (Na+K) output. For clarity, determinations on each 
subject are plotted separately, but the inserted regression line is calculated from the pooled 
data. @, waking; O, sleep, samples. 


of the bladder will only be significant in the } hr collections at low flows, and 
to minimize any such errors we have correlated outputs derived from at least 
1 hr collection, pooling two successive 4 hr when urine was in fact voided half 


hourly. The correlations are in any case apparent even if all the half-hour 
collections are ignored. 
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A mathematician might prefer a correlation between the actual measured 
quantities, flow and electrolyte concentration, but no simple relationship is 
here to be expected. McCance (1945) has shown that, in an osmotic diuresis 
due to salt, the salt concentration in the urine increases with flow up to a 
maximum at about 1 ml./min and then slowly falls with further increase in 
flow. Our flows were nearly all below this critical value, and in fact electrolyte 
concentration, Na +K, was positively correlated with flow. The values for W 
are shown in Fig. 8. : 
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Cation (Na*+K*) concentration (m.equiv/I.) 
Fig. 8. Subject W. Urine flow plotted against cation (Na +K) concentration. $ hr urine collec- 
tions included. 1 point, flow =0-64 ml./min, cation concentration =234 m.equiv/l. omitted. 
r=0-576, P<0-01. 


No regression line has been inserted since a linear regression is not to be 
expected. 

Na and K excretion showed in all subjects a linear regression upon pH 
(Fig. 9) similar to that described by Stanbury & Thomson (1951), if sleep 
samples are omitted. These all diverged markedly in the direction of high pH. 
Sleep samples showed no such divergence in the regression of Na on K 
excretion (Fig. 4). 

A possible determinant of pH changes would be a reciprocal change in the 
ratios of chloride and of bicarbonate output to the sum of the outputs of Na 
and K. We have therefore plotted chloride against Na+K outputs, and if 
sleeping samples are omitted these all fall fairly closely on straight lines through 
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Subject P. 
320 e 


3 


Cation excretion (jzequiv/min) 


5 


| Potassium 
80 
40}- 
® 
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Fig. 9. Subject P. Na (above) and K (below) outputs plotted against urinary pH, with linear 
regression for waking samples inserted. @, waking, ©, sleep, samples. Urine collections 
of 1 hr and over. 
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Fig. 10. Subject X. Chloride excretion plotted against cation (Na +K) excretion, with linear 
©, waking; x, sleep, samples. Urine collections of 
over. 
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the origin (Fig. 10). The slopes were 0-73-0-81, suggesting chloride/bicarbonate — 
excretion ratios of 3-4. Seven of the twenty sleep determinations, including 
two of those in Fig. 10, deviated markedly in the direction of low chloride, 
and hence perhaps had a high bicarbonate content which might account for 
the high pH. 
DISCUSSION 

It is clear from the present experiments that, in healthy adults, the intrinsic 
24 hr rhythm in the excretion of water and electrolytes is not immediately 
dependent upon the diurnal periodicity of habit. Evidence pointing to a 
similar conclusion was obtained by Stanbury & Thomson (1951) who found 
a nocturnal fall in urine pH and in electrolyte excretion despite abstention 
from sleep, and by Kaye (1929) who made similar observations of urine pH 
alone. Although the 24 hr renal periodicity persisted during the present 
experiments and throughout the 6 days of inverted routine in Mills’s (1951 a, b) 
experiments, it will not survive indefinite suspension of the customary external 
periodicity. Norn (1929), in one subject, found that the diurnal rhythm of 
sodium, potassium and chloride excretion became inverted after 6 weeks of 
work at night and sleep during the daytime, The 24 hr rhythm of excretion is, 
therefore, ultimately dependent upon a stabilized routine or pattern of diurnal 
activity. There is little, either in the present investigation or in previous work, 
to indicate which of the many repeated diurnal occurrences might be originally 
responsible for the production of the rhythm. Stanbury & Thomson (1951) 
drew attention to the similarity between the changes in electrolyte excretion 
produced by voluntary hyperventilation and those which occur spontaneously 
with the diurnal excretory rhythm. They suggested that the latter were in 
some way related to the regular alternation of hypoventilation and relative 
hyperventilation with the cycle of sleep and wakefulness. Nocturnal sleep is 
associated with a rise in alveolar CO, tension and waking with a fall (Bass & 
Herr, 1922); and Endres (1922) found that an abrupt fall in alveolar CO, 
tension accompanied the spontaneous matutinal increase in urine pH. Since 
Stanbury & Thomson (1951) found also a close correlation between the 
matutinal rise in urine pH and the matutinal increase in sodium, potassium 
and chloride excretion, a relation between the renal and respiratory changes 
was strongly suggested. The persistent 24 hr excretory periodicity in the 
subjects of the present investigation was not, however, associated with a 24 hr 
thythm in their alveolar CO, tension, and the periodicity of water and 
electrolyte excretion cannot, therefore, be directly dependent upon diurnal 
changes in CO, tension. The nature of the apparent relationship between the 
diurnal changes in respiratory and renal function remains obscure, and will 
be the subject of further investigation. : 

The correlation between sodium and potassium excretion, and the linear 
regression of sodium and potassium excretion on urine pH, suggest that a —_ 
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_ change of renal function is responsible for the 24 hr. rhythm in both cation 
excretion and urine pH. No such change in electrolyte output can be produced 
in man by the administration of adrenal cortical extracts; and Stanbury & 
Thomson (1951) have given further reasons for rejecting the contention of 
Borst & de Vries (1950) that the diurnal renal cycle is due to rhythmic 
variations in adrenal cortical secretion. 

It appears that the 24 hr periodicity of urine flow is determined by the 
changes in electrolyte excretion. It has been shown that, both under conditions 
of presumably maximal (McCance, 1945; Rapoport e al. 1949) and minimal 
(Rosenbaum, Nelson & Strauss, 1950; Stanbury & Thomson, 1951) secretion 
of posterior pituitary antidiuretic hormone, the urine flow varies with total 
solute load. It is at least plausible that the same should be true in inter- 
mediate conditions; and since under normal conditions sodium + potassium, 
with associated anions, account for a large fraction of total solute load, the 
close dependence of flow upon electrolyte output is readily explicable upon an 
osmotic basis. 

Increase and decrease of posterior pituitary secretion leads to a large 
decrease and increase of urine flow with little or no change in electrolyte 
output (Hare, Hare & Phillips, 1943; Thorn, 1949; Chalmers, Lewis & Pawan, 
1951; Lauson, 1951); the urinary electrolyte concentration in such conditions 
varies widely and inversely with the urine flow. The midday flow peaks in 
Fig. 1 appear at first sight like water diureses; but this cannot have been so, 
‘as they were associated with rising concentrations of sodium and potassium. 
The absorption of the water ingested with the previous meal must have been 
too slow to affect Verney’s (1947) cranial osmoreceptor mechanism. It is 
_ possible that some of the random variation in, for example, Fig. 7, was due to 
random variation in posterior pituitary activity. Inspection of these regression 
lines for all subjects shows, however, no consistent deviation by the sleep 
samples, nor by any other selected set of samples, as should have been 
observed if posterior pituitary secretion had varied regularly during either the 
12 hr or the 24 hr cycle. Mills’s (19515) suggestion of such a rhythm must be 
discarded. The absence of any regular deviations from the relationship 
between urine flow and electrolyte output within each 12 hr cycle thus suggests 
that neither sleep, ingestion of food nor any of the other variations in activity 
has been associated with any regular variation in posterior pituitary secretion. 
It appears likely that the spontaneous diuresis observed by Hart & Verney 
(1934) was also due to variations of electrolyte output, and not of posterior 
pituitary secretion. : 

Although its intimate nature is unknown, the renal periodicity which under- 
lies the spontaneously occurring excretory rhythm appears also to determine 
the pattern of renal response to a variety of imposed external stimuli. 
Stanbury & Thomson (1951) found a diurnal variability in the diuretic response 
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to a standard dose of water; and the changes in water and electrolyte excretion 
which followed the intravenous injection of deoxycortone acetate or posterior 
pituitary antidiuretic hormone were also different at different phases of the 
diurnal cycle. A similar conditioning of the renal responses was apparent in 
the present experiments; for identical events within each 12 hr cycle produced 
effects which were significantly different when adjacent 12 hr cycles were 
compared. For the most part, the intimate nature of the stimuli recurring in 
each 12 hr cycle is unknown; they will have resulted from, inter alia, meals 
and changes of posture; but their regular repetition was ensured by the experi- 


mental conditions. Mention has been made of the high urine flow when the 


subjects were at complete rest, and the invariably higher flow during midday 
than midnight rest. The considerable increase in urine pH which developed 
during the 4 hr periods of sleep and recumbency was also clearly modified by 
the prevailing influence of the 24 hr rhythm. This change is of interest since 
it differs from that which accompanies sleep on a normal routine, when 
bicarbonate excretion falls and the urine becomes acid; and it led to the 
superimposition of a 12 hr cycle upon the 24 hr cycle of pH change (Fig. 2). 
It.is possible that the observed change is related more closely to recumbency ~ 
than to the sleeping state. White e¢ al. (1926) showed that on changing from 
standing to the lying position, there was a threefold increase in chloride - 
excretion and six- or sevenfold increase in the output of bicarbonate, the 
urine pH invariably increasing. The authors made no measurement of sodium 
or potassium excretion, but it is obvious that cation excretion must have been 
considerably augmented. This pattern of response was modified in the present 
experiments. There was no regular nor comparable change in sodium or 
potassium excretions, which were usually somewhat diminished. The ratio of 
chloride output to that of these cations was however often markedly depressed, 
so that the alkaluria could in many instances be ascribed to a change in the rate 
of excretion of chloride relative to bicarbonate. 

The apparent changes in bicarbonate/chloride excretion ratio must, in the 
absence of comparable changes in the ratio of these ions in the plasma, have 
resulted from an enhanced tubular reabsorption of chloride. We find it 
difficult to believe that a plasma change of the appropriate magnitude could 
have taken place and presume that this particular renal response was a 
manifestation of tubular activity. The present investigation throws no light 
on the nature of the stimulus originally responsible for the 24 hr excretory 
periodicity, but it has shown that a wide variety of renal responses are 
modified by this influence. Many of these modified responses involve the 
active participation of the renal tubules, and the fact of their modification 
supports the previous contention that the diurnal excretory rhythm is in part 
ascribable to a rhythmic change of renal tubular behaviour. 


Two negative conclusions can be drawn. First, the negative “oe on 
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alveolar air exclude respiratory influences on CO, tension as a necessary cause 
of the renal excretory rhythm; and secondly, the excretion of other electrolytes 
has no close connexion with the rhythm of phosphate output, which in these 
experiments assumed a 12 hr cycle. 


SUMMARY | 

1. Five subjects spent 48 hr in a basement room on a routine of sleep, 

meals, illumination, etc., which was exactly repeated every 12 hr. 
2. Rectal temperature maintained a 24 hr rhythm. 

3. A persistent 24 hr rhythm was apparent in the urinary output of water, 
sodium, potassium and chloride, as well as in urinary pH. 

4. Urinary volume was osmotically determined by the electrolyte output. 

5. The 12 hr cycle of activity had its most obvious effect upon phosphate 
excretion, but had some effect upon other renal functions. Urine for instance 
always became alkaline during the period spent in sleep and recumbency, 
frequently with a fall in the Cl/(Na+K) ratio, but pH was higher in afternoon 
than in night sleep. 

6. It is considered that superimposed upon the various influences of food, 
posture, etc., which recurred every 12 hr, there was a single variation of renal 
tubular activity occurring rhythmically over 24 hr and affecting urinary pH 
and output of all measured electrolytes except phosphate, and secondarily 
urinary volume. No cyclical change in alveolar carbon dioxide tension was 
found as a cause of this, nor did it show any apparent connexion with the 
rhythm of phosphate excretion. 


Our thanks are due to M. Moss, R. Postlethwaite, J. E. Scott and A. A. Wagland, ne eee 
as subjects and carried out all pH and many chloride determinations. 
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THE EFFECT OF INHALATION OF HIGH AND LOW 


CONCENTRATIONS OF OXYGEN ON THE RESPIRATION 
OF THE PREMATURE INFANT 


By K. W. CROSS anp T. E. OPPE 


"From the Physiology Department and Paediatric Unit, 
St Mary's Hospital Medical School, London 


(Received 15 October 1951) 
Ina previous investigation (Cross & Warner, 1951) the respiratory adjustments 
of the normal full-term infant were studied when 100 % oxygen and a mixture 


of 15 % oxygen and 85 % nitrogen were administered. There appeared to be 
marked quantitative differences between these results in the newborn and 


those reported by Dripps & Comroe (1947) in the adult human subject. But 


~-whether this was due to a true biological difference, or to a difference between 
the methods of recording, could not be judged. In this investigation we have 
studied the reactions of premature infants to the same gas mixtures, using 
the same apparatus as was used previously, and we have been able to examine 
whether the trends previously observed were continued in the least mature 
subjects. | 

The results reported here are mainly concerned with minute volume 
because, if this figure may be interpreted in terms of Effective Alveolar Ven- 
tilation, it represents the single most important factor in external respiration. 
Tidal air has been reported as an average figure, derived from a measurement 
of the minute volume and respiration rate for each minute, but these three 
figures alone afford an incomplete picture of the respiratory behaviour of the 
baby. There may be not only phasic changes in rate and rhythm, but also 
frank respiratory irregularity in the sleeping baby, as is illustrated in Cross & 
Oppé (1952). Without making a complete analysis of these irregularities of 
rhythm, we have attempted to indicate in a simple quantitative fashion the 
major modifications of periodic breathing related to the test gases. 


METHODS AND MATERIAL 
The respiration of the infants was studied in the body plethysmograph (Cross, 1949) and gas 
mixtures were administered as required through a suitable mask (Cross & Warner, 1951). With 
this mask, and a flow of gas over the face of the infant at 51./min., it was found that the infant 
slept quietly and continued to breathe normally if air was supplied from a compressed air cylinder. 
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The subjects used were the premature babies (2:5 kg. or less at birth) and some full-term infants 
in the Maternity Department at Paddington Hospital. 
Three types of experiments were performed: (1) After a control period on air, 100 % O, was 


_ administered for 5 min., followed, if the baby was still sleeping quietly, by a further 5 min. on air. 


(2) After a control period on air, 15% O, in 85% N, for 5 min., followed by 5 min. on 100% 0, 
and, when possible, 5 min. on air. (3) Experiment (2) was repeated on a group of twenty full-term 
infants, since in Cross & Warner (1951) the effect of 100% 0, following 15% O, had not been 
tested. 


RESULTS 
As. the minute volume, respiration rate and tidal air showed marked minute 
to minute variation, the results have been scaled and treated statistically in 


the same way as those of Cross & Warner (1951). The ‘standard premature 


baby’ is taken as one with a minute volume of 400 ml., a respiration rate of 
35/min. and a tidal air of 12 ml. This is based on the result of observations 


_ covering a series of premature infants already reported by Cross & Oppé 


(1952), some of which were included in the experiments reported here and 
which had an average minute volume of 396-3 ml. and an average respiration 
rate of 34-39/min., giving a tidal air of 11-52 ml. 


ss Effect of 100 % O, after air | 
Table 1 shows the results of thirty-two experiménts on twenty premature _ 
infants, varying in age from 1 to 40 days, and varying in weight from 1-5 to 
2-24 kg., who, after an adequate control period on air, received 100 % O, for 
5 min. Of these infants, nine were still sleeping quietly at the end of this 
procedure and their respiration was recorded for a further 5 min. 
Fig. 1 shows the scaled results from these experiments. During the 1st min. 


— on 100% O, there is a highly significant (P<0-001) reduction of minute 


volume from 400 to an average of 336-8 ml./min. (15-8 %). This reduction is 


achieved by a statistically significant (P<0-01) decrease in tidal air to 


10-88 ml./min. (9-53 %%), and an insignificant decrease in rate to 32-78/min. | 


(634%, P<0-1). 


In the 2nd min. on 100 % O, the minute volume, respiration rate and tidal 
air return to normal values, and in the 3rd, 4th and 5th min. there is a signi- 
ficant rise in minute volume (11-2, 16 and 13-5 %) which is reached almost 
entirely by an increase in respiration rate. 

In the few cases (9) for which we have observations on air after the 5th min. 
on 100 % O,, we found that the minute volume rose for the first 2 min. and 
then fell below normal levels. The confidence limits with this small number of 
observations are so wide that, taken alone, no particular significance can be 
attached to them. : 

In Fig. 2A there is a tracing showing the last minute of the control period 


on air and the first 2 min. of 100% 0, on baby PRI (4 iv. 51), weight 


1:78 kg., which demonstrates the initial decrease in minute volume and the 
subsequent stimulation of respiration during the 2nd min. of breathing 
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100 % O,. This result has been illustrated because it is from the only baby 
which was tested with 100 % O, following air and again following 15 % O,, 
the tests being carried out on the same day. Thé hypoventilation is mainly 
caused by the decrease in respiration rate, which is representative of the 


babies of less than 1-82 kg. 


(ral.) 


‘ 
4 


Respiration rate 
per min. 


Tidal.air 
(ml.) 


12345 67 8 9101912131415 
Time (min.) 
Fig. 1. Graph showing the means of the sealed figures for the control and experimental period 
when twenty premature infants received 100% 0, followed by air on thirty-two occasions. 
Vertical lines represent the 95% confidence limits of the means. 


Air > 15 % O, > 100 % O, — air (premature infants) 

Table 2 shows the results of giving 15 % O, followed by 100 % O, and then 

air on thirty occasions to twenty-three premature babies between the ages of 

12 and 45 days and weighing between 1-39 and 2-35 kg. In twenty-three 

experiments the infants were still sleeping during all or part of the last 5 min. 
on air. 

Fig. 2B shows again baby PRI who received 100 % O, after 15 % O, and it 

is noticeable that, while the minute volumes on air (Fig. 2.4) and on 15 % 0, 

(Fig. 2B) are similar, the decrease in respiration when 100 % 0, is given is 
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15% oxygen 100% Oxygen 


AL, 


E : ROB, 21.11.51 


KIN, 10.v.51 


: Automatic integrator 


Fig. 2. Pantographic reproduction of six respiratory tracings from four premature infants (A-Z) 
and one full-term infant (¥). Time interval between vertical dotted lines equals 1 min. 
Baby PRI in trace A received air from compressed air cylinder in the first min. of the trace 
and,100%"0, in the subsequent 2 min. In traces B—F, the lst min. shows the last of 5 min. 
ons 15% O,, and the lst and 2nd min. of 100% O, administration. 
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infants of the 5 


Taare 2. Results of thirty experiments on twenty-three premature 
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both more marked and more prolonged. In Fig. 2C-E three further examples 
of this experiment are shown which illustrate the variations which may occur 
and the fact that regular breathing is often induced in the 2nd min. on 100 %, 
O, administration (Fig. 2C). 
Fig. 3 shows the scaled results of these experiments. In the Ist and 2nd min. 
on 15 % O, in 85 % N, there is a significant increase 1n the minute volume of 
7-2 % (P-<0-05) and 10-0 % (P<0-01) which, on each occasion, is caused by 


Air: 18% 100% : Aijr 
; oxygen oxygen 
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Time (min.) 


Fig. 3. Graph showing the means of the scaled figures for the control and the experimental period 
when thirty observations were made on twenty-three premature infants who received 
15% O, in 85% N, for 5 min. and then 100% O, for 5 min. followed and preceded by air. 
Vertical lines represent the 95% confidence limits of the mean. 


a significant increase in the respiration rate. In the 3rd, 4th and 5th min. on 
15 % O,, the minute volume falls sliglitly below normal values but never to 
a statistically significant extent. The average respiration rate and tidal air 
during the last 3 min. on 15 % O, do not differ from the control period. 
When 100 % 0, is given there is in the 1st min. a very much greater drop 
in the minute volume than when 100 % O, is given after air, i.e. from 400 to 
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261-6 ml./min. (34-6 %, P < 0-001). This diminution is made up almost entirely 
by a significant decrease in the respiratory rate from 35/min. to 25-3/min. 
(27-7 %, P<0-001). In the 2nd min. the average values have returned to 
about normal, but there is considerable scatter as some experiments show 
@ marked diminution of minute volume during the 2nd min. (Fig. 2D), 
whereas others are showing signs of stimulation (Fig. 2C). In the 3rd, 4th and 
5th min. on 100 % O, there is a highly significant rise in minute volume 


_- (15-8-25 %) which is mainly effected by an increased respiration rate. 


When, after the 5th min. on 100 % O,, air is again given the minute volume 
is raised for the 1st min. and then is followed by a fall to 344-2 ml./min. 
(P<0-001) in the 4th min. and 368-9 ml./min. (P< 0-05) in the 5th min. This" 
fall in minute volume is effected by a lowering of the tidal air, the respiration 


rate remaining normal. : 


Air + 15 % O, + 100 % O, — air (full term) 

Table 3 shows the results of giving 15 % O, on thirty-three occasions to 
thirty-one different full-term infants of ages from 1 to 13 days and weights 
from 2-54 to 4-25 kg. Of these thirty-three experiments, thirteen have already 
been reported (Cross & Warner, 1951). After the 15% O, twenty babies 
were given 100% O, for 5 min. and then room air for a further 5 min. 
Twelve babies were still at rest and received room air after 100 % 0O,. 
Fig. 2F shows a trace of one of these experiments which was of interest 
because periodic breathing was apparently induced by the administration of 
15 % O, and ‘cured’, after an initial period of further depression of respira- 
tion, by the inhalation of 100 % O,. The overall effects of these gas mixtures 
on respiratory rhythm are analysed later. 

Fig. 4 shows the results of these experiments, using the ‘standard baby’ 
as previously described by Cross & Warner (1951), in full-term infants with 
a minute volume of 500 ml., a respiration rate of 33/min. and a tidal air of 
15 ml. 

As in the premature infant, the full-term baby responds to 15 % O, with 
a significant rise in minute volume of 8-4 % (P<0-001) in the 1st min. and 
5-8 % (P<0-02) in the 2nd min., which is effected by an increase in both rate 
and tidal air. The remaining 3 min. do not differ on an average from the 
normal 500 ml. | 

When 100 % O, is given there is a marked drop in minute volume by 25 % 
(P<0-001). This hypoventilation is achieved mainly by a significant decrease 
in the tidal air of 18 % (P< 0-01). There is a subsequent very marked stimula- 
tion of respiration which occurs earlier than with the premature infants, and 
the percentage rises of minute volume are 44-6, 36-8 and 25-2 % in the re- 
maining 3 min. of 0, administration (all highly significant). This is due to 
increases in both respiration rate and tidal air. 
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When air is again given after the 5th min. on 100 % O,,{ the minute volume 
falls significantly below the normal by the 3rd min. of air administration and 
remains below normal until the 5th min. Again the fall in minute volume is 
mediated by a significant fall in tidal air. By the time all the experiments 
were concluded the total hypoventilation on air had not equalled the — 
ventilation in the 2nd to the 5th min. on 100 % O,. 


(mi.) 


Minute volume 


Respiration rate 
per min. 


B 


Tidal air 


ow 


1234567 8 9 1011 121314 15 1617 1819 20 
Time (min.) 


full-term infants who received 15% O, observed on thirty-three occasions. Only twenty 
infants received 100% O, followed by air. Note that the scales of the ordinates have been — 
halved in this figure, compared with Figs. 1 and 3. ee 
limits of the means. . 


Effects of gas mixtures on respiratory rhythm 

It has long been recognized that the newborn infant may show many 
varieties of respiratory rhythm, and attempts have been made to formulate 
a satisfactory classification of these rhythms (Deming & Washburn, 1935). In 
view of the difficulties of making a generally acceptable definition of periodic 
breathing, we have decided for the present purpose to make an arbitrary 
definition that breathing is included as periodic if groups of respiratory move- 
ments are interrupted by periods of apnoea of not less than 3 sec. duration, 
the cycle lasting for half a minute or less and being repeated at least twice. 
The adoption of these criteria excluded those infants who show a regular 
modulation of tidal air without apnoea. 
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We have used the term ‘periodic breathing’ in a more-restricted sense than 
that illustrated in Haldane & Priestley (1935) because it seemed necessary to 
confine the term in this arbitrary way to an entity which could be easily 
recognized so that the effects of the high and low oxygen could be presented 
quantitatively. 

The percentage of occasions on which periodic breathing has occurred has 
been noted for each min. of the experiments described and the results are 
given in Tables 1-3 and illustrated in Fig. 5A and B. Included in Fig. 5 are 
the results from the relevant experiments of Cross & Warner (1951), and it 
will be noticed also that the premature infants have been divided into two 
groups, thus revealing the differences in respiratory behaviour between those 


Air oxygen -100% oxygen: Air 
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Fig. 5A, B. Graphs showing the percentage occurrence of periodic breathing (as defined in text) 
in the different groups studied. A shows infants who received air, 100% O, and air. B shows 
infants who received air, 15% O,, 100% O, and air. Closed circles indicate premature infants 
of less than 1-82 kg. wt. Open circles indicate premature infants of more than 1-82 kg. wt. 
Crosses indicate full-term infants. 


of above 1-82 kg. in weight and those below that weight. It is seen in both 
Fig. 5A and B that during the control period on air ‘periodic’ breathing 
is most frequently seen in the small premature babies, less often in the large 
premature babies, and least frequently in the full-term infants. Fig. 5.4 shows 
the effect of 100 % O, in reducing the incidence of periodic breathing. During 
inhalation of 15% O, (Fig. 5 B) itis seen that the frequency of periodic breathing 
is increased in the case of the full-term infants (P<0-001 by x* test) and 
occurs with an apparently increased trend in both groups of premature infants, 
which, however, is not statistically significant. The group of large premature 
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_ babies is of interest, in that 21 % of them breathed periodically on air, and 
31 % while on 15 % Og, the latter figure approaching the frequency of periodic 
breathing of the small premature babies on air (46 %). 


DISCUSSION 


Fig. 6 has been constructed to simplify the comparison between the results 
reported here and the comparable figures obtained by Cross & Warner on 
full-term infants and those obtained by Dripps & Comroe (1947) on the adult. 
It demonstrates the percentage changes from the normal in air in minute 
volume, respiration rate and tidal air noted during selected minutes of high 
and low oxygen administration. Again the premature group has been further 
subdivided into those of between 1:39 and 1-82 kg. and those between 1-84 
and 2-5 kg. in weight at the time of observations. Unfortunately we have only 
been able to represent the minute volume of the adults, as the data of Dripps & 
Comroe provide insufficient information for the calculation of respiration rate 
and tidal air. 

In general, it seems that the trend of differences between the adult and the 
full-term newborn infant previously observed (Cross & Warner, 1951) has 
been confirmed by examination of premature babies. | 

On consideration of the effect of hyperoxia, it is apparent that during the 
Ist min. of 100 % O, administration after air, both the full-term and all the 
premature infants show a significantly greater fall in minute volume than the 
adult. No significant difference emerges when the full-term infants are com- 
pared with the two groups of premature babies, although there is an apparent 
trend between the full-term and the smaller premature infants (P<0-1) in 
the percentage change of minute volume. 

An examination of the mechanism by which this adjustment is made is of 
interest. The full-term and the larger premature infants diminish their pul- 

monary ventilation chiefly by decreasing the tidal air, while the smaller pre- 


‘mature babies achieve a similar fall mainly by a reduction in respiration rate. 


During the first minute of inhalation of 100 % oxygen following a period of 
hypoxia the diminution in minute volume is much greater than when 100 % 
oxygen is given after air. The hypoventilation is maximal in the smaller 
premature infants whose minute volume fell by 43-9 % (P<0-001) from the 
average in air. This represents a significantly greater fall than in the case of 
the heavier premature infants (14-4 %) and the full-term infants (22-5 %). 

It would seem that the preceding period of hypoxia has caused the larger 
premature babies to respond in the same immature fashion as the small pre- 
mature babies did when 100 % oxygen was administered after air, i.e. they 
diminish their pulmonary ventilation by a diminution in respiration rate and 
no longer by a diminution of tidal air. The full-term infants, however, continue 
to perform this adjustment by a reduction in tidal air. This tendency of 15 % 

PH. CXVII. 4 


4 
A 
4 
Zz 
+ 
a 
| 
4 
is 


50 K. W. CROSS AND T. E. OPPE 


Adult Full term Premature 
100 A 
Air+100% O, 
90 st min. 
80 
70 
110 
100 WN B 
| 15% 01>100% O2 
90 N 1st min. 
80 
WN 
70 
SS 
110 
Air>15% 0, 
90 4th and 5th min. 
bic Air>15%0, 
1st and 2nd min. 


Fig. 6. Diagram comparing the respiratory responses of adults (Dripps & Comroe, 1947), full- 
term and large and small premature infants to various experimental procedures at various 
minutes, The heights of the broad columns represent the average change from the normal 
in air, J, minute volume; @), tidal air; {Y, respiration rate. The thin vertical lines 
represent the 95% confidence limits of the means. From above downwards: A shows the 
effect during Ist min. of O, administration after the subjects have been breathing air. 
B shows the effect during the Ist min. of 0, administration after the subjects have been 
breathing low O, (145%), for 8 min. in the case of adults, and 15% O, for 5 min. in the 
three groups of babies. C shows the late effect of low 0, administration (14-5%), at the 
6th-8th min. in the case of adults, and 15% O, at the 4th and 5th min. in the three groups 
of babies. D shows the early effect of low O, administration. No figures available from 
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oxygen to render the respiratory behaviour of the larger premature infants more 
immature is also seen in Fig. 5B. It is perhaps of interest to note that when 
an anaesthetized animal (dog, cat, or rabbit) is given 100 % oxygen following 
air, the respiratory adjustment is made chiefly by a change in respiration rate 
(von Euler & Liljestrand, 1942; Hejneman, 1943). We have no evidence to 
explain these differing mechanisms of response. 

The initial respiratory depression with 100 % oxygen soon gives way to 
considerable hyperventilation, called by Cross & Warner (1951) the “secondary 
rise’, which can most conveniently be discussed later. | 

If the effects of hypoxia are considered it is seen that the premature infants 
give a similar response to the full-term babies (Cross & Warner, 1951). There 
is immediate hypoxic hyperventilation largely produced by an increase in 
respiration rate which, however, is poorly maintained. In fact, during the 
4th and 5th min. pulmonary ventilation has declined to just below normal 
levels. There are no statistical differences between the full-term and the pre- 
mature infants, but the trend suggests that the premature infant is less able 
to sustain hypoxic hyperventilation than the full-term. This is in complete 
contrast to the adult, whose minute volume is still significantly raised 
at the comparable test period. Although Dripps & Comroe do not show 
the effects of hypoxic hyperventilation during the first 2 min. of the inhalation 
of 14-5 % oxygen, Donald & Christie (1949) show that the hyperventilation 
on 12 % oxygen occurs early, i.e. in the Ist min. and is maintained. 

It might be suggested that the infant is highly sensitive to very slight 
changes in the partial pressure of CO, in the blood, and that the temporary 
hyperventilation (full-term 7-1 % for 2 min., premature 8-1 % for 2 min.), 
caused by the hypoxia, is not maintained because of a respiratory alkalosis 
nullifying the stimulating effect of the low 0,. We think this is unlikely 
because (1) the very considerable hyperventilation caused by the 100 % O, in 
the 3rd to the 5th min. does not cause a greater drop in minute volume during 
the ensuing administration of air than might be expected if the baby had 
a similar sensitivity to lowered partial pressure of CO, as has the adult; 
(2) when 15 % O, has been continued for periods longer than the 5 min. 
reported in these experiments, there is a continued tendency for the minute 
volume to fall; (3) in work which is now proceeding we do not find the pre- 
mature and full-term infant abnormally sensitive (as compared with adults) 
to 2 % CO, in the inspired air. oer 

We believe that these results can be interpreted in terms of differences in 
the activity of the respiratory chemoreceptor system and of changes of sensi- 
tivity of the medullary centre between the adult and the infant. It is generally 
accepted that, while breathing air, there is a continuous chemoreflex drive 
from the peripheral chemoreceptors, and it is the abolition of the effect of these 
impulses on the respiratory centre which is responsible for the _— bypo- 
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ventilation when 100 % oxygen 18 given. Similarly, it is the increasing activity 
of the carotid body reflex that produces hypoxic hyperventilation. We suggest 
that the results of our experiments indicate that the premature baby possesses 
such reflexes in a developed and more active state than the adult. 

The fact that the infant is unable to maintain the initial hypoxic hyper- 
ventilation on 15 % oxygen would seem to indicate that either the chemo- 
receptors are no longer stimulating the medulla, or else the medulla is no 
longer able to respond adequately to the stimuli it is receiving from the 
chemoreceptors. When 100 % oxygen is given, and there can be no further 
anoxic drive from the peripheral chemoreceptors, it appears that marked 
medullary depression is present, for, when freed from the chemoreceptor 
drive, the medulla maintains a very low level of pulmonary ventilation until 
it has, apparently, recovered from this depression. The severity of this 
depression may be great (see Fig. 2D). 

The condition in the normal full-term baby, and even more in the premature 
infant, would thus appear to be comparable to that reported by Gray (1950) 
in the adult, who states that ‘severe anoxia or morphine or barbiturate 
poisoning may depress the medullary centres, leading to a reduction in 
ventilation and consequent anoxemia. The latter, acting through the peri- 
pheral receptors, will maintain some ventilation in spite of the insensitivity 
of the central receptors. The administration of O, at such a time will correct 
the anoxemia, but at the same time eliminate the sole remaining stimulus for 
breathing, so that apnoea occurs.’ This depressed state of the medullary 
centres under anaesthesia has led Clements (1951) te adopt the ‘oxygen 
apnoea test’, in which 100 % O, is given to anaesthetized subjects and the 
length of the apnoea which results is taken as an indication of the degree of 
anoxaemia from which the patient is suffering. : 

It might be suggested that this profound hypoventilation found in the 
smaller premature babies was due to the acapnia consequent upon hypoxic 
hyperventilation rather than depression of the respiratory centre. However, 
the total hyperventilation through the 5 min. hypoxic period was only 4-6 °, 
in that group, so that it would not seem to explain of itself the great fall noted. 

While the full-term infants and the heavier premature babies have recovered 
sufficiently to show an overall return of pulmonary ventilation to normal 
values at the 2nd min. of 100 % oxygen administration after previous hypoxia, 
the smaller premature babies still show a depression of 28-8 % (P< 0-02) from 
the average mean. | 

We have been mainly concerned with the interpretation of these results in 
terms of the chemical control of respiration. There are, however, other factors 
of possible importance which must be considered, as they may influence 
respiration directly or by modifying the sensitivity of the receptor mechanism. 

It is probable that the lung of the premature infant has a reduced effective 
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respiratory surface compared with the full-term or adult (Farber & Wilson, 
1933; Norris, Kochendorfer & Tyson, 1941), which might well increase the 
alveolar-arterial difference in the partial pressures of oxygen and carbon 
dioxide. These differences are not known, but the available evidence suggests 
that the arterial oxygen saturation of the newborn does not differ significantly 
from the adult range (Graham, Reardon, Wilson, Tsao & Baumann, 1950). 
Secondly, many premature infants have been found to be in a state of 
‘uncompensated’ metabolic acidosis (Reardon, Graham, Wilson, Baumann, 
Tsao & Murayama, 1950). Such variation in acid-base equilibrium might — 


well affect the respiratory adjustment of these infants, but there is no precise 


evidence which would help to clarify the problem. 

We have also considered the possibility that part of the response we have 
obtained with the sudden administration of 100 % oxygen may be analogous 
with the ‘oxygen paradox’ described in aviation medicine. If high concen- 
trations of oxygen are rapidly given to aviators who are anoxic, their condition 
may further deteriorate and occasionally unconsciousness and epileptiform 
fits have been reported. It has been suggested that these effects are due to 
a central nervous depression induced by a rapid decrease in cerebral blood 
flow (Latham, 1951). This effect has not been specially studied in adult man 
in terms of possible changes in respiration and we, in turn, cannot make 
observations on levels of consciousness in the sleeping infant, or speculate 
upon their cerebral blood flow. , 

Other workers who have administered high oxygen to premature infants 
have reported a great increase in pulmonary ventilation (Graham e¢ al. 1950). 
This effect, though most striking, takes place only after the initial depression 
and is part of the biphasic reaction demonstrated by Cross & Warner (1951), 
and which has previously been overlooked. The peak of the rise occurred in 
the 3rd and 4th minutes of 100 % oxygen inhalation, but it was difficult to 
assess its duration in this study because many infants became restless with 
the violent hyperventilation that was induced. Too much attention should 
not be paid to the slight fall which appears to occur in the scaled total of the 
5th min., as this might be accounted for by the rejection of these restless 
babies, some of whom showed the bigger responses. 

In the adult, Dripps & Comroe found a hyperventilation of 7:89 % after 
6-8 min. inhalation of 100 % oxygen following room air. Using the 3rd and 
4th min. as a basis for calculation we have found that full-term infants increase 
their minute volume by 13-5 % and premature babies by 13-7 %. 

When the 100 % oxygen was administered after a preceding period of 
hypoxia, the secondary rise was much enhanced. The full-term babies hyper- 
ventilated by 40-96 % and premature infants by 22-3 %. Both these figures 
are statistically significant as compared with the comparable figures for room 
air. 


if 


54 K. W. CROSS AND T. E. OPPE 


In all cases the hyperventilation is achieved by an increase in the rate of 
respiration rather than by a rise in tidal air. Graham et al. (1950) regard this 
hyperpnoea as evidence that the pulmonary ventilation of the premature 
infant in ‘atmosphere’ is ‘inadequate to supply oxygen needs’. This seems 
unlikely, as our results show that there is an average hypoventilation when 
the infant again breathes room air after 5 min. of breathing 100 % oxygen. 
In view of its occurrence, albeit to a lesser extent in adults, and the lack of 
real evidence that the infant is in a state of continuous hypoxia, we believe 
that hyperventilation is a specific consequence of the administration of high 
oxygen concentrations. The precise mechanism of this effect still awaits 
elucidation. 

The effect of 100 % oxygen inhalation on the respiratory rhythm is note- 
worthy. There is a definite fall in the percentage of infants in all three groups 
who breathed periodically. This effect is apparently more marked when the 
oxygen is given after a period of hypoxia (Fig. 5B). The effect of low oxygen 
in inducing periodic breathing, and of high concentrations of oxygen in 
regularizing respiration, has been reported by Howard & Bauer (1949) in 
full-term and premature infants, and by Graham ef al. (1950) in premature 
babies. The difficulty of formulating a generally acceptable classification of 
the many respiratory rhythms encountered makes quantitative comparison 
with other workers unsatisfactory, but the general conclusions that periodic 
breathing is most frequent in the less mature baby, and may be induced by 
hypoxia or relieved by high oxygen, seem well established. | 

We had hoped that the final 5 min. on air in our experiments would act as 
a further control period, and that the levels of minute volume, respiration 
rate and tidal air would return to normal. However, as already noted, the 
hypoventilation during the final period on air does not equal in degree the 
preceding hyperventilation on 100 % oxygen. It seems most likely that this 
hypoventilation is an effect of slight respiratory alkalosis, and it is perhaps of 
interest to note that compensation of hypoventilation is achieved in all cases 
by a diminution in tidal air, the respiration rate remaining at normal average 
values. 

By extending previous studies (Cross & Warner, 1951) to the premature 
infant, we have been able to demonstrate a consistent trend from the least 
mature (1:54 kg.) subject to the adult in their response to high and low 
oxygen mixtures. The immaturity of the respiration in the infant is manifest 
not only in the degree of response, but may be traced in the mechanism of 
response and by irregularities of respiratory rhythm. Among the many factors 
which may be responsible for this ‘immaturity’, evidence is given that the 
inability of the respiratory centre of the infant to withstand oxygen lack 
plays a major part. | 
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SUMMARY 


1, The respiratory responses of premature infants to 100 %/ 0; and i 
15 % O, in 85 % N, have been studied. 


2. The effect of giving 100 % O, after a period of 5 min. on 15 % 0, has 
been studied both in the premature and in the full-term infant. 

_ 8, An hypothesis is discussed which would explain the differences between 
the responses of the adult and the baby, and which suggests that infants have 
. @ more active chemoreceptor reflex than have adults. But this provides 
a poor defence against anoxia, as the medullary centres are rapidly depressed 
by the anoxia and cannot continue to respond to the peripheral stimulation. — 


Note. It has been impossible to publish the full tables, but copies are available at St Mary’s 
Hospital Medical School. 
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THE EFFECT OF CAROTID OCCLUSION UPON THE 
INTRASINUSAL PRESSURE WITH SPECIAL REFERENCE 
TO VASCULAR COMMUNICATIONS BETWEEN THE 
CAROTID AND VERTEBRAL CIRCULATIONS IN THE 
: DOG, CAT AND RABBIT 


By D. CHUNGCHAROEN, M. DE BURGH DALY, E. NEIL 
anp A. SCHWEITZER 


From the Department of Physiology, University College, and the Department 
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(Received 23 October 1951) 


In the course of a study of the reflex effects of pressure changes within the 
carotid sinus, it was found that lowering the pressure in the perfused ‘isolated’ 


sinus was effective in producing bronchodilatation in dogs, whereas clipping _ 


the common carotid arteries supplying the intact sinus had no reflex effect 
(Daly & Schweitzer, 1952). It was considered likely that the absence of 
response to carotid clipping was due to the relatively smaller fall of intra- 
sinusal pressure produced. Schmidt (1932) measured the intrasinusal pressure 
from the central end of the lingual artery and found that carotid occlusion 
caused a fall of 36 % of the initial pressure which gradually recovered to 19%. 
This indicated that a considerable backflow of blood into the sinus took place. 
Euler & Liljestrand (1936) showed that the intrasinusal pressure after common 
carotid occlusion was further reduced by occlusion of the contralateral common 
carotid, the fall being greater in cats than in dogs. They concluded that the 
carotid sinus communicates with the vertebral arteries and the contralateral 
carotid sinus through the circle of Willis, and that the contribution from these 
two sources is different in these two species. 

We have therefore made experiments on dogs, cats and rabbits to discover 
the effects of occluding the ipsilateral and contralateral common carotid and 
the vertebral arteries upon the intrasinusal pressure and, as far as possible, 
to determine their relative contributions to the maintenance of the intra- 
sinusal pressure. The arterial communications have also been demonstrated 
by dissections of injected specimens. Some of our findings have already been 
_ reported (Chungcharoen, Daly & Schweitzer, 1951). 
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METHODS 
Dogs were anaesthetized with chloralose (0-09-0-1 g./kg. body weight, intravenously) and 
cats with chloralose (0-08 g./kg. intravenously) after ether induction. Rabbits were anaes- 
thetized with urethane (1-5 g./kg. intravenously). 

The vessels in both carotid sinus regions were dissected and loose threads put round those 
which were subsequently to be occluded. The vertebral arteries were also exposed near their 
origin from the subclavian arteries. In some experiments, the carotid sinus nerves were 
dissected and cut to prevent reflex changes of systemic blood pressure occurring upon occlusion 
of the common carotids. The intrasinusal pressure was usually measured on one side only, 
either from the central end of the lingual artery or from the cephalic end of the ligatured 
common carotid artery. In a few experiments, the left common carotid was anastomosed to 
the right common carotid and the intrasinusal pressure measured from one external carotid 
artery. This arrangement has been previously described by us (Daly & Schweitzer, 1952) and 
enables the blood supply to the left sinus region to be maintained when using an intra- 
ventricular catheter (Comroe, 1939). Pressures in the cephalic ends of the internal and 
external carotid arteries were recorded in some dog experiments. The systemic blood pressure 
was measured from the femoral artery. All pressure recordings were made with mercury 
manometers, 

Action potential studies. Action potentials were recorded from the carotid sinus nerve of the 
cat (prepared by the method of. Euler, Liljestrand & Zotterman, 1939), using a resistance 
capacity coupled amplifier connected with one beam of a double beam cathode-ray oscilloscope; 
the electrocardiogram was recorded simultaneously by the other beam. Animals were 
artificially ventilated from a Starling ‘Ideal’ pump. A graphic record for measurement of 
ventilation rate was obtained by placing electrodes on a single active pulmonary vagal fibre 
(Adrian, 1926, 1933) and leading to the amplifier-oscilloscope unit. Inflation of the lungs was 
attended by a burst of impulses from the pulmonary stretch receptor fibre. 

Neoprene and hycar latex injections. The arterial systems of dogs, cats and rabbits were injected 
with either neoprene or hycar latex (B.B. Chemical Co. and British Geon Ltd.). The method used 
was similar to that described for neoprene by Trueta, Barclay, Daniel, Franklin & Prichard (1948), 
but modified according to Andrews, Macgraith & Wenyon (1949). A cannula was inserted into 
the abdominal aorta towards the heart. The chest was opened in the midsternal line, and 
the animal was then killed by tying off both ventricles of the heart. The blood was immediately 
washed out through the aortic cannula with either a solution of sodium chloride (0-9%) or a 
mixture of sodium chloride (1-3%%) and sodium bicarbonate (0-5%) at 120-150 mm.Hg pressure. 
It was allowed to drain into the chest from a large incision in the right auricle. The washing 
out continued, for some 5 min. until the effluent was reasonably clear of blood. The latex was 
then injected and the pressure maintained for 5 min. at 150 mm.Hg for hycar or at 200-250 
for neoprene. Each preparation was fixed in 10% formal-saline for 7 days before dissection. 


RESULTS 

Intrasinusal pressure changes in dogs 

Effect of occlusion of the ipsilateral common carotid artery. When the common 
carotid is occluded, the intrasinusal pressure, measured from the lingual 
artery or an adjacent branch of the external carotid (supplying muscles), 
falls by 40-50% giving a level of 70-110 mm.Hg (three experiments). There 
then ensues, within 30 sec., a quick recovery of the pressure until it is 10-35 % 
less than the initial pressure. On releasing the carotid artery, there is a sharp 
rise of intrasinusal pressure to the same level as the general arterial pressure, 
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which at that time is above the initial pressure through the reflex from the 
carotid sinus. The intrasinusal pressure then returns to its initial level (Fig. 1). 
These figures agree well with those of Schmidt (1932), and show that on no 
occasion did the intrasinusal pressure fall below the threshold of the sinus 
reflex response of the systemic blood pressure (Koch, 1931; Schweitzer, 1937). 


10 see. 
Signal 


Fig. 1. Dog, 3, 12-56 kg. Chloralose. Upper tracing: carotid sinus pressure measured from right 
external carotid artery (M). Left common carotid anastomosed to right common carotid 
_ artery (method of Daly & Schweitzer, 1952). Lower tracing: heart rate (method of Daly & 
Schweitzer, 1950). Right common carotid occluded at 1 and 3, and released at 2 and 4. 
Note the considerable recovery of the intrasinusal pressure after occlusion of the common 
carotid artery. 


When a similar experiment is made after denervation of the carotid sinus 
(section of the sinus nerve) the percentage fall of intrasinusal pressure is 
greater, the recovery is less evident and there is no rise of pressure above the 
initial level when the artery is opened again. These modified responses are to 
be expected, since the reflex rise of systemic pressure does not occur when the 
sinus is denervated. 3 

- These results indicate, as Euler & Liljestrand (1936) suggest, that, after 
occlusion of the common carotid artery, a considerable backflow of blood into 
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the sinus takes place from other sources. The amount of backflow is to some 
extent dependent upon the increase in systemic blood pressure, reflexly 
produced. by the fall in intrasinusal pressure. Ligation of the internal carotid — 
reduces the backflow, but it is not the sole contributor; so we have sought 
for some other channels and means of assessing the relative — of 
each. 

Effect of occlusion of the contralateral common carotid. If the ipallateral 
common carotid is occluded, the characteristic fall and partial recovery of 
intrasinusal pressure occurs. Closure now of the contralateral common carotid 
causes & further fall of intrasinusal pressure. This indicates that a backflow 
of blood from the contralateral common carotid is, in part, responsible for 
maintaining the intrasinusal pressure higher than the threshold for the 
baroreceptors. It would seem reasonable to suppose that the main vessels 
participating are the internal carotid arteries by way of their connexion with 
the circle of Willis. 

In order to assess the relative contribution of different vessels maintaining 
the intrasinusal pressure, it is necessary first to ligate the ipsilateral common 
carotid artery. It was therefore found more convenient to measure the pressure 
from the cephalic end of this artery than from the lingual artery. Under these 
conditions, which are similar to those which might be expected from prolonged 
common carotid occlusion, the intrasinusal pressure is relatively high in 
relation to the arterial blood pressure. This confirms the results of Euler & 
Liljestrand (1936), although the pressures we have recorded have been lower 
than theirs (see their Fig. 3). 

With the ipsilateral common carotid occluded, closure of either the con- 
tralateral common carotid, external carotid or internal carotid causes a fall 
of intrasinusal pressure (Fig. 2). This fall persists when the ipsilateral internal 
carotid is occluded (B), and it follows, therefore, that blood must reach the 
ipsilateral sinus other than through the internal carotid. This path was found 
to be a communication between the two internal maxillary arteries (D and E). 
For this experiment, all branches of both common carotids, except the internal 
and external carotids, were ligated, and both vertebrals clipped so as to 
eliminate effects on the intrasinusal pressure through these channels. 

The presence of a large anastomotic vessel from the orbital branch of the 
internal maxillary artery communicating with the internal carotid was — 
demonstrated by Bouckaert & Heymans (1935), and more recently by Jewell 
(1952). In response to ipsilateral carotid occlusion, therefore, blood from the 
circle of Willis may flow into the carotid sinus by way of the internal carotid 
or by the external carotid through the internal maxillary artery 

That profound changes of pressure can occur in the circle of Willis has been 
shown in two experiments in which the pressure was measured from the 
cephalic end of the internal carotid artery. The arterial blood pressures were 
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130 and 120 mm.Hg and the circle of Willis pressures 120 and 110 mm.Hg 
respectively. Occlusion of either the ipsilateral common carotid, ipsilateral 
external carotid, the contralateral common carotid or the vertebral arteries 
caused a fall of the pressure in the circle of Willis. Itis of interest to note that 
the fall in pressure produced by occlusion of the ipsilateral external carotid 
equals that produced by common carotid occlusion. This would indicate that 
the latter effect of common carotid occlusion is transmitted entirely through — 


Fig. 2. Dog, 9, 11-5kg. Chloralose. Both carotid sinus nerves cut. Occipital, ascending 
pharyngeal, laryngeal and lingual arteries ligated on both sides. Upper tracing: right carotid 
sinus pressure measured from the cephalic end of the common carotid artery (M). Both — 
vertebral arteries occluded. A, occlusion of left external carotid at 1 and of left internal 

carotid at 2. Release of left external carotid at 3 and of left internal carotid at 4. B, right 
internal carotid artery occluded: 5, occlusion and 6, release of left common carotid. C, right 
external carotid artery occluded: 7, occlusion and 8, release of left common carotid. D, right 
internal carotid and external mazillary arteries occluded: 9, occlusion and 10, release of left 
common carotid. E, left and right internal common carotid, and left and right external mazillary 
arteries occluded. 11, occlusion and 12, release of left common carotid. Note the contribution 

_ of the internal maxillary arteries to the fall of intrasinusal pressure upon occluding the 
contralateral common carotid artery. 


the external carotid artery, and that any other vessels arising from this region 
and communicating with the circle of Willis, such as the occipital artery, cause, 
relatively, much smaller effects. 

The pressures in the cephalic ends of the occluded internal and external 
carotid arteries are considerably different: that in the external carotid artery 
about half the arterial blood pressure, whereas in the internal carotid it is 
5-10 mm.Hg lower than the arterial pressure. In the intact preparation, 
therefore, common carotid occlusion will cause a pressure gradient between 
the internal and external carotid arteries, omitting for the moment the smaller 
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contributions from other vessels in the region. Under these conditions, the 
direction of the flow of blood in the internal carotid artery should be reversed. 
_ The following experiment showed that this was so. Two cannulae connected 
by glass tubing were inserted into the ligatured caudal and cephalic ends of 
the internal carotid artery so as to restore its continuity.:The tube was 
initially filled with 0-9% sodium chloride solution so that the column of blood 
advancing along its lumen could be observed. It was found that when the 


Fig. 3. Dog, 2, 11:5 kg. Chloralose. Both carotid sinus nerves cut. Occipital, ascending pharyn- 
geal, laryngeal and lingual arteries ligated on both sides. Upper tracing: right carotid sinus 
pressure measured from the cephalic end of the common carotid artery. 1 and 2, occlusion 
and release of left common carotid, 3, occlusion of both vertebrals; 4, occlusion of left common 
carotid; 5 and 6, release of left common carotid and both vertebrals. 


ipsilateral common carotid artery was occluded, reversal of the blood flow in 
the internal carotid artery took place. On releasing the common carotid again, 
the normal direction of flow in the internal carotid was immediately restored. 
In this experiment all vessels in the sinus region were intact so that any 
backflow through other channels would be effective. The significance of this 
finding will be discussed. : 

Effect of occlusion of the vertebral arteries, When the intrasinusal pressure is 
measured from the cephalic end of the common carotid, occlusion of both 
vertebral arteries causes about the same fall in pressure as occlusion of the 
contralateral common carotid. Such an effect is shown in Fig. 3 which also 
shows that the response to occlusion of the contralateral common carotid is 
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considerably increased by previous occlusion of the vertebral arteries, the 
intrasinusal pressure falling to 40 mm.Hg. In this experiment, in which the 
carotid sinus nerves were cut, no recovery of the pressure was observed. In 
another instance, the sinus nerves were left intact and then the intrasinusal 
pressure recovered to 95 mm.Hg after falling to 50mm. when the con- 


tralateral common carotid and both verbral arteries were occluded. The arterial 


blood pressure rose from 120 to 160 mm.Hg. In all probability the recovery 
of the intrasinusal pressure is due to the flow of blood into the sinus from the 
spinal arteries. The extent to which they may contribute to the cerebral 
circulation has been shown by Evans & Samaan (1936). 

The contribution of the occipital artery to the maintenance of the intra- 
sinusal pressure after carotid occlusion has been found to be relatively small. 
It would appear, therefore, that in the dog the main sources from which blood 
may enter the sinus after carotid clipping are the contralateral common 
carotid, vertebral and.spinal arteries through communication with the circle 
of Willis. 

Intrasinusal pressure changes in cats 

When the ipsilateral common carotid is occluded, the intrasinusal pressure, 
measured from the central end of the lingual artery, falls by 45-68% (average 
54%) of the initial pressure (four experiments). This fall is greater than that 
found in the dog. The degree of recovery after clipping has been variable; in 
_ two experiments, no recovery took place; in the third, a slight recovery was 

observed and in the fourth the pressure rose to within 21% of the initial 
level. The recovery of the pressure appeared to be determined to some extent 
by the degree of reflex rise of systemic blood pressure. The percentage fall 
is increased by previous contralateral common carotid occlusion. This is due 
in part to the higher initial pressure in the sinus as a result of occlusion of the 
contralateral common carotid, and in part to an absolute lowering of the 
Intrasinusal pressure. 

The finding that, in the cat, the pressure in the occluded sinus is approxi- 
mately half that of the systemic blood pressure is supported by experiments in 
which the intrasinusal pressure was measured from the cephalic end of the 
common carotid artery, and agrees with the work of Euler & Liljestrand 
(1936) using a similar method. Occlusion of the contralateral common carotid 
invariably causes a fall of intrasinusal pressure to about 30 mm.Hg. Such 
a response is shown in Fig. 4.4. As in this experiment the internal maxillary 
arteries were the only main vessels through which the carotid sinuses could 
have been in communication with each other, the pressure effects must be 
transmitted through these channels, probably via the circle of Willis (Davis & 
Story, 1943). The low pressure which exists after a contralateral common 
carotid occlusion suggests that the backflow from the vertebral and spinal 
arteries is relatively small (cf. Euler & Liljestrand, 1936). This is supported by 
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the results shown in Fig. 4B. Occlusion of both vertebral arteries at 3 produces 
a very small effect compared with that of the contralateral common carotid 
at 1. : 

It is of interest to note that after both vertebral and contralateral common | 
carotid arteries have been occluded, there is no recovery of the intrasinusal 
pressure despite the considerable rise of arterial blood pressure, which might 
suggest that no communication like that in the dog exists between the spinal 
arteries and the carotid sinus. In this experiment, however, the only vessels 
patent in the sinus regions were the internal maxillary arteries, and it is 


Fig. 4. Cat, g, 2:8 kg. Chloralose. Both carotid sinus nerves cut. All branches of the common 
and external carotid arteries except the internal maxillary arteries ligated. Upper tracing: 
right carotid sinus pressure measured from cephalic end of the common carotid artery (M). 
A, 1, occlusion and 2, release of the left common carotid. B, 3, occlusion of both vertebrals (V); 
4, occlusion of left common carotid; 5, release of both vertebrals and 6, release of left common 
carotid. Note that the intrasinusal pressure changes must be transmitted via the internal 

possible, therefore, that the spinal arteries may communicate directly, or 

indirectly, with one or more smaller arteries issuing from the sinus region 
which had been ligated. In two further experiments, the carotid sinus regions 
were left intact except for the right lingual artery from which the intrasinusal 
pressure was recorded. In one of them, there was a slight recovery of the 
pressure after bilateral common carotid and vertebral occlusion. It is con- 
cluded, therefore, that in the cat, sources other than the contralateral common 
carotid and vertebral arteries play little or no part in the recovery of the 
intrasinusal pressure after carotid clipping. | 
Both carotid sinus nerves had been sectioned in the experiment from which 
Fig. 4 was taken, so the rise of arterial blood pressure observed after occlusion 
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of both common carotid and both vertebral arteries (4), was in all probability 
due to central anaemia. A similar effect was observed in two other experiments. 
It is apparent, therefore, that the contribution of the spinal arteries to the 
cerebral circulation of the cat is relatively small compared with that of the 
dog. 

pr to Davis & Story (1943), the internal carotid artery is vestigial, 
and its function is taken over by the ascending pharyngeal artery. The parts 
which the ascending pharyngeal and occipital arteries play in these responses 
have not been tested directly, but from the results of experiments already 
cited and from those obtained from dissections of injected specimens, it would 
appear that any backflow occurring through them is small compared with that 
from the internal maxillary artery. 


Intrasinusal pressure changes in rabbits 

In two rabbits, the intrasinusal pressure was measured from the cephalic 
end of the right common carotid artery. The pressure recorded was lower than 
that found in either the dog or the cat, being, at the beginning of the experi- 
ments, 45 mm.Hg in one and 35 mm. in the other. The systemic blood pressures 
were 110 and 95 mm.Hg respectively. This at once suggested that the carotid 
circulation in the rabbit differed considerably from that in the cat or the dog. 
There would seem little reason to suppose, from the anatomical point of view, 
that the pressure in the circle of Willis would differ much from the systemic 
blood pressure, and therefore it might be expected that the pressure in the 
cephalic end of the internal carotid artery would be comparable with that 
found in other species. It seemed that the most plausible explanation to 
account for the low intrasinusal pressure was that the pressure in the cephalic 
_ end of the external carotid was very low, probably because the anastomotic 
branch between the orbital artery and the internal carotid was either very 
small or absent. Thus on carotid clipping, the backflow of blood from the circle 
of Willis through the internal carotid would drain into the external carotid 
artery. Our experiments support this contention. 

Fig. 5 is taken from one of the two experiments. Occlusion of the external 
carotid at 5 causes an immediate rise of intrasinusal pressure from 40 to 
80 mm.Hg which is within 25 mm. of the systemic blood pressure. Its release 
then causes a sharp fall of intrasinusal pressure to its initial level. It would 
appear, therefore, that, as a result of occluding the external carotid artery, 
blood is prevented from leaving the sinus causing the pressure to build up to 
near that in the circle of Willis. The pressure in the cephalic end of the external 
carotid is 30 mm.Hg (C). Re 

It has been found that occlusion of the contralateral common carotid or of 
the vertebral arteries lowers the intrasinusal pressure. In the experiment from 
which Fig. 5 is taken, the fall of pressure caused by occlusion of the contra- 
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lateral common carotid is greater than that produced by vertebral occlusion 
(A). This occurred despite the fact that the systemic blood pressure rose con- 
siderably on occlusion of the contralateral common carotid. This was not due 
to a reflex from the carotid sinus as both carotid sinus nerves had been 
sectioned. It is probably due to the mechanical effect of obliteration of part 
of the vascular bed. Cerebral anaemia cannot be the cause of the rise in 
systemic pressure, because in this experiment either one common carotid or 
both vertebrals were open and because of the rapidity of the changes observed. 


Fig. 5. Rabbit, g, 2.2kg. Urethane. Both carotid sinus nerves cut. Occipital, ascending 
pharyngeal, laryngeal and lingua larteries ligated. Upper tracing: right carotid sinus pressure 
measured from cephalic end of the common carotid (M). Lower tracing: right carotid systemic 
blood pressure. A, 1, occlusion and 2, release of both vertebrals (V), 3, occlusion and 4, 
release of left common carotid. B, 5, occlusion and 6, release of right external carotid. 
C, both internal carotids occluded. 7, occlusion and 8, release of left common carotid. The low 
initial intrasinusal pressure is probably due to the drainage of blood from the sinus into the 
external carotid, indicating relatively small external carotid—circle of Willis communications. 


Since in both the dog and the cat there is a large communication between 
the internal maxillary arteries, tests were carried out to see if the same held 
true for the rabbit. In Fig. 5(C) both internal carotid arteries had been 
occluded. Then, occlusion of the contralateral common carotid caused a fall 
of intrasinusal pressure. As all branches (occipital, ascending pharyngeal, 
laryngeal and lingual arteries) issuing from both sinus regions had been 
ligated, except the external carotid, the effect must have been transmitted 


through the latter vessel on both sides. 


These experiments would indicate that on carotid occlusion the main 
backflow takes place through the internal carotid artery which then drains 
into the vascular bed of the external carotid. The relatively low pressure in 

PH. CXVII. 5 
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the cephalic portion of the latter artery points to there being only a small 
communication with the circle of Willis, and in this way differs from that of 
the dog and cat. | 


Action potential studies of the carotid sinus nerve in the cat 


Carotid occlusion in the cat causes the intrasinusal pressure to fall to a level : 


lower than the threshold of the baroreceptors. The intrasinusal pressure may, 
however, partially recover through backflow of blood from sources already 
enumerated. The figures already presented show a considerable variation in 
the responses to carotid occlusion from one preparation to another. The dis- 
charge of the baroreceptors in the carotid sinus during the period of occlusion 
might be expected to be as equally variable, but the experiment described below 
supports the main conclusions reached on the basis of pressure measurements. 

The carotid sinus nerve was cut centrally and laid on electrodes; the record 
of the impulses passing from the sinus region showed rhythmic firing of 
baroreceptor fibres with each pulse, superimposed upon a faint background 
of discharge from the chemoreceptors of the carotid body (Euler e¢ al. 1939). 
Occlusion of the corresponding common carotid artery led to a temporary dis- 
appearance of baroreceptor firing together with an increase in chemoreceptor 
discharge. Within a matter of 15-30 sec., however, baroreceptor impulses 
reappeared, indicating that the intrasinusal pressure had risen, presumably 
through backflow of blood into the sinus mainly from the external carotid 
artery. Characteristically, reappearance of baroreceptor firing was associated 
with some diminution of chemoreceptor discharge resulting from improvement 
of blood flow through the carotid body (Landgren & Neil, 19514, 5). 

These findings are in harmony with the results already given in a previous 
section. They are illustrated by Fig. 6. In A, the rhythmic firing of a single 

_baroreceptor fibre of the right carotid sinus nerve is shown. The heavy chemo- 
receptor discharge which occurs within 15 sec. of clipping the right common 
carotid artery is shown in B. The disappearance of baroreceptor impulses and 
the active firing of the chemoreceptor units together indicate a profound 
fall in blood flow through the sinus region. 

Record C obtained 10 sec. after release of the right external carotid artery 
provides striking evidence of backflow of blood into the sinus via the external 
carotid artery. Chemoreceptor discharge is considerably lessened and the rise 
of intrasinusal pressure causes occasional firing of the baroreceptor unit. 
a discharge occurred during pulmonary inflation only (compare 

with E). 


Record D, obtained after removal of the right common carotid clip, shows 


return of baroreceptor discharge with cardiac rhythm and a lessening of 
chemoreceptor firing. 
In this experiment, unilateral occlusion of the common carotid artery caused 
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no effect on the systemic arterial pressure, other than a mechanical one, as the 
corresponding sinus nerve was cut centrally. 


Fig. 6. Cat, 3-1 kg. Chloralose anaesthesia. Artificial respiration. Right carotid sinus nerve cut 
eentrally. Chemoreceptor fibres intact; all but one baroreceptor unit inactivated by 
dissection and crushing. Remaining buffer nerves intact. Records A, B, C and D each show 
e.c.g. (upper record) and action potentials from the right carotid sinus nerve (lower record). 
Record EZ shows time, 50 cyc./sec., and action potentials from a single pulmonary vagal 
stretch receptor. A, mean B.P. 130; right common carotid artery patent; right external 
carotid artery occluded. B, mean B.P. 135; 15 sec. after placing clip on right common carotid 
artery (external carotid remains occluded). C, mean B.P. 130; 10 sec. after removal of 
external carotid artery clip (common carotid artery remaining occluded). D, mean B.P. 

_ 125; 10 sec. after removal of the clip from the right common carotid artery. 


Vascular communications between the carotid and vertebral circulations 
The foregoing results, based on intrasinusal pressure measurements and on 
action potential studies of the carotid sinus nerve, have shown that on common 
carotid occlusion, the limited fall and subsequent partial recovery of the intra- 
sinusal pressure is due to the backflow of blood into the sinus through various 
channels, It was therefore considered desirable to demonstrate these vessels 
and their communications by means of neoprene and hycar latex injections. 


The internal carotid artery usually forms a loop or, less frequently, a coil, 
before it reaches the cavernous sinus where it is joined by an anastomotic 
vessel from the orbital (external ophthalmic, Miller, 1948) branch of the 
internal maxillary artery. It passes anteriorly along the lateral border of the 
hypophysis and finally joins the circle of Willis. In one specimen the internal 
carotid is joined by the ascending pharyngeal at a point just inside the cranium 
on the right side only. © 

The importance of the anastomotic branch of the orbital artery was first 
stressed by Bouckaert & Heymans (1935) and subsequently by J at 
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It pursues a tortuous course and usually joins the internal carotid before the 
latter enters the circle of Willis. It may receive a branch from the middle 
meningeal artery. In one specimen, however, it broke up to form a collateral 
circle before uniting with the internal carotid. This occurred on both sides 
(Fig. 7). The size of this anastomotic vessel is about the same as that of the 
internal carotid artery. The orbital artery sends another small anastomotic 
branch along the ventral surface of the optic nerve to unite with the contra- 
lateral one. No central branch is given off as in the cat (Fig. 8). 

It has been found that there is another communication between the internal 
ophthalmic artery, arising from the circle of Willis, and the anastomotic 
branch of the two orbital arteries. It runs over the dorsal surface of the optic 
nerve. A small part of it is shown in Fig. 7. This anastomosis may be the one 
described by Ellenberger & Baum (1891) as joining the ophthalmic and the 
internal maxillary arteries. The ethmoidal artery may arise from the trunk in 
common with the orbital artery or from the proximal portion of the anasto- 
motic vessel. Both ethmoidal arteries communicate by an arterial plexus in 
the frontal and ethmoidal regions. Each artery also communicates with 
a branch of the anterior cerebral as described by Hofmann (1900). 

The occipital artery arises from the external carotid, independent of the 
ascending pharyngeal (cf. the cat). Its origin may be very near to the internal 
carotid or 1-2 mm. apart. By its muscular branches, it may anastomose with 
the posterior auricular and the vertebral arteries (Ellenberger & Baum, 1891) 
and also with the cerebrospinal artery (Hofmann, 1900). Sisson & Grossman 
(1938) described a branch of the vertebral artery which passes to the wing of 
the atlas bone and anastomoses with the occipital. Jewell (1952) has found 
a similar anastomosis which is also present in our specimens. As Fig. 7 
- shows, there is also an indirect communication between the anterior spinal 
artery and the inferior branch of the occipital through the vertebral artery. 

The specimen illustrated is unusual for the way in which the vertebral arteries 
are arranged. Usually they give off segmental arteries to the anterior spinal 
artery up to the level of the third cervical, and then unite to form the basilar 
artery at the level of the medulla. In this case, each vertebral artery divides at 
the end of the third cervical into two branches. The small one continues 
upwards and communicates with a branch of the occipital as described above; 
the larger one (the vertebral artery) accompanies the third cervical nerve to lie 
under the ventral surface of the spinal cord. The latter gives a communicating 
branch which joins with its fellow from the opposite side and with the anterior 
spinal artery. The two vertebrals then proceed anteriorly in parallel to the 
level of the medulla where they eventually join to form the basilar artery. 

It is apparent, therefore, that the limited fall and partial recovery of the 
intrasinusal pressure on common carotid occlusion, can be adequately ex- 
plained. The carotid sinus communicates with the circle of Willis, and hence 
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with the vertebral and anterior spinal arteries, not only through the internal 
carotid but also through the external carotid. The latter communication 


16 


Fig. 7. Dog. Diagram from a dissection showing the main arterial communications between 
the carotid and vertebral circulations. Arteries injected with hycar latex. 
Key to Figs. 7-9: 1, common carotid; 2, internal carotid; 3, external carotid; 4, occipital; 
5, ascending pharyngeal; 6, lingual; 7, external maxillary; 8, internal maxillary; 9, external 
rete; 10, orbital; 11, external ethmoidal; 12, internal ethmoidal; 13, anastomotic vessel; 
14, internal ophthalmic; 15, anterior spinal; 16, vertebral; 17, basilar; 18, inferior branch 
of the occipital. 


includes the large anastomotic vessel between the orbital branch of theinternal 
maxillary and the internal carotid, and a smaller one between the interorbital 
communicating vessel and the internal ophthalmic artery. Other anastomoses, 
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such as the vertebral-occipital, must also contribute. Similarly, the carotid 
sinus communicates freely with the contralateral common carotid artery. 


Cats 

The internal carotid artery is vestigial and its function is taken over by the 
ascending pharyngeal (Davis & Story, 1943). In our preparations, the internal 
carotid appears as a small cord containing the injected latex only in its proximal — 
part and becomes indistinguishable beyond the inferior limit of the tympanic 
bulla. The ascending pharyngeal artery could not be traced beyond the fora- 
men laceram medium. It might be that, in our specimens, the latex had not 
penetrated into sufficiently small vessels to be able to demonstrate the latter 
artery. Dissections showed that all three preparations had been otherwise 
well injected and that vessels of 10 y. were filled with latex. It is concluded, 
therefore, that the amount of blood reaching the circle of Willis through the 
internal carotid or its counterpart must be extremely small compared with 
that of the main supply through the internal maxillary artery. 

The internal maxillary divides and redivides to form a complicated external 
rete mirabile which surrounds the maxillary nerve (Fig. 8). The rete sends 
anastomotic vessels through the orbital fissure and along the anterior border 
of the trigeminal nerve into the cavernous sinus where they unite to form 
a single efferent artery. In some cases, these anastomotic vessels form another 
less complicated plexus, the internal rete, before they unite. The efferent 
artery turns anteriorly and takes a course along the lateral border of the 
hypophysis. At its anterior margin, it bends upwards and joins with its fellow 
and a branch of the basilar artery to form the circle of Willis. 

From the anterior part of the external rete, there is at least one other sizable 
- communication, that between the internal ethmoidal arteries. This anastomosis 
sends a central twig to the meninges in the frontal area and also communicates 
with the ethmoidal rete and a branch from the anterior cerebral artery. The 
external ethmoidal arteries, arising from the anterior part of the external rete, 
communicate in an arterial plexus in the frontal and ethmoidal regions. 

In agreement with Davis & Story (1943), it has been found that the occipital 
and ascending pharyngeal arteries arise from a common trunk close to the 
internal carotid. No communications between the occipital and vertebral 
arteries were found, although according to Reighard & Jennings (1935) there 

may be some through their muscular branches. 
| The vertebral arteries send small segmental arteries, accompanying the 
spinal nerves, to join the anterior spinal artery. Before finally uniting to form 
the basilar artery, they receive two terminal branches of the anterior spinal. 
Such communications have been described previously by Hofmann (1900) 
and by Reighard & Jennings (1935). 

_ A comparison of the basilar artery with the efferent anastomotic vessel from 
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the rete shows them to be approximately the same size. It would appear, 
therefore, that the greater portion of the blood supply to the circle of Willis 
comes through the carotid arteries. This is in keeping with our own results 
of carotid occlusion and those of Euler & Liljestrand (1936). | 


Fig. 8. Cat. Diagram of the main arterial communications between the carotid and vertebral 
circulations injected with hycar latex. For key, see Fig. 7. 


Rabbits 

The internal carotid artery takes a similar course to that in the dog, excep 
that there is no loop formation on its way. At the level of the anterior margin of 
the hypophysis, the internal carotid gives off a small ophthalmic branch which 
runs along the ventral surface of the optic chiasma and the optic nerve to 
anastomose with a branch of the orbital artery (Fig. 9). There is, therefore, 
a small communication between the internal maxillary and internal carotid in 
the rabbit (Krause, 1884). It differs, however, from the anastomosis found in 
the cat and dog in its anatomical arrangement and in its size relative to other 
vessels supplying the circle of Willis. This finding supports the conclusions 
reached on the basis of pressure measurements in the external carotid artery. 
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e specimen illustrated, the right internal carotid communicated with 
R ess banc of the basilar artery before joining the circle of Willis. 
The occipital artery arises from the external carotid a few millimetres from 
- the carotid bifurcation. Its distribution appears to be relatively greater than 
that of the corresponding arteries of the cat or dog. Its inferior branch 
communicates with the transverse colli of the subclavian artery. 


AL 
Fig. 9. Rabbit. Diagram showing the arterial communications between the carotid and vertebral 
circulations. Arteries injected with hycar latex. For key, see Fig. 7. 


The vertebral artery gives off segmental arteries similar to that in the cat, 
but some of them may be absent. In addition, there are one or two muscular 
twigs arising from it. These proceed to supply the muscles of the neck in that 
vicinity and may communicate with the muscular branches of the occipital 
(Krause, 1884). The anterior spinal artery joins the vertebral arteries in 
a pattern similar to that in the cat. : 

In the specimen from which Fig. 9 is taken there is another communication 
between the two lingual arteries near the base of the tongue (not shown). 
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It would be reasonable to presume that, on carotid occlusion, the backflow 
from the circle of Willis through the orbital-ophthalmic anastomosis would 
be relatively small compared with that in the cat or dog. This is in agreement 
with the findings given in a previous section. i 


| DISCUSSION 
_ It has been shown that the response of the intrasinusal pressure to common 
carotid clipping varies considerably in different species. 

In the dog the level immediately after clipping is usually higher than 
60 mm.Hg, a figure generally accepted as the minimum intrasinusal pressure 
at which activation of baroreceptors occurs; the pressure subsequently 
recovers appreciably through backflow from other sources. In the cat and 
rabbit, the intrasinusal pressure on carotid occlusion falls to a level lower than 
that in the dog. 

For the cat, the conclusions drawn from intrasinusal pressure recordings 
are supported by studies of action potentials recorded from single baroreceptor 
fibres. In this respect, it must be pointed out that, in the experiment cited 
(Fig. 6), the carotid sinus nerve was cut and there was therefore no reflex rise 
of arterial blood pressure on carotid occlusion. Although, as a result, the 
initial blood pressure may be higher than normal, it is still lower than that 
which would develop on carotid occlusion with the sinus nerve intact. In the 
former case, the higher maintained level is due almost entirely to abolition of - 
the baroreceptor discharge, whereas in the latter there is, in addition, a 
considerable chemoreceptor component which causes a greater rise of pressure 
(Euler & Liljestrand, 1943). It is therefore not exactly comparable with the 
events that take place in the intact preparation where the recovery of the 
intrasinusal pressure after carotid occlusion would probably be greater. 

To a large extent, the variation in the intrasinusal pressure effect in response 
to carotid clipping in these species can be accounted for by the differences in 
the anatomical arrangement of the cerebral circulation. Communications 
which exist between the carotid sinus and the circle of Willis allow blood to 
flow back into the sinus after carotid occlusion. Thus, occlusion of those 
arteries supplying the circle of Willis, the contralateral common carotid and 
vertebral arteries, will themselves cause a fall of intrasinusal pressure. 

In general, the level at which the intrasinusal pressure stabilizes itself after 
carotid occlusion must depend upon the rate of backflow into the sinus in 
relation to the rate at which the blood can drain into the capillary bed of the 
external carotid artery and other smaller branches arising from the sinus 
region. In the cat, therefore, where the internal carotid artery is vestigial 
and its function taken over by the ascending pharyngeal (Davis & Story, 
1943), there must be a relatively small backflow through these channels on 
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carotid occlusion. Our specimens do not indicate the source of this backflow, 
although it undeniably takes place, for if this vessel is accidentally left open, 
when preparing an isolated sinus for perfusion, a small amount of blood escapes 
into the sinus. Backflow that takes place from the circle of Willis comes 
mainly through the external rete mirabile ‘and internal maxillary artery and 
drains into the vascular bed of the common carotid. The effective pressure built 
up will therefore be smaller than in the dog where there is, in addition, a large 
internal carotid backflow. In the rabbit the intrasinusal pressure falls to about 
40 mm.Hg on common carotid occlusion through adequate drainage of blood 
coming into the sinus from the internal carotid. This is indicated by the fact 
that if the external carotid artery is occluded, the intrasinusal pressure rises. 

The rapidity of the intrasinusal pressure changes shown in Fig. 2H (dog), 
where only the internal maxillary arteries are patent, are not surprising in 
view of the size of the anastomotic vessel joining the internal maxillary to the 
circle of Willis. In some specimens, its diameter is the same as that of the 
internal carotid, and these arteries are sufficient to keep the brain of an 
isolated head, perfused only through the external carotid arteries, ‘alive and 
in excellent condition...’ (Bouckaert & Heymans, 1935). 

The results obtained from the dissections of injected material show that 
there are considerable species differences in the contribution of various arteries 
to the blood supply of the brain, particularly through the carotid arteries. In 
the dog, the carotid supply appears to be equally distributed between the 
internal and external carotid arteries. Our specimens, like those of Bouckaert 
& Heymans (1935) and of Jewell (1952), demonstrate the magnitude of the 
anastomotic vessel which supplies the circle of Willis from a branch of the 
internal maxillary artery. In the cat, where the internal carotid is vestigial, 
the carotid blood supply reaches the circle of Willis mainly through the in- 
ternal maxillary artery and the external rete. The rabbit differs from these 
two in that the carotid supply reaches the brain through the internal carotid; 
there appears to be no structure analogous to the anastomotic vessel of the cat 
or dog. In these preparations, no account has been taken of communications 
passing through the skull between the intracranial and extracranial circula- 
tions. 

When substances are injected into the common carotid artery for the 
ostensible purpose of stimulating the chemoreceptors of the carotid body it 
it evident that special precautions must be taken to prevent them passing to 
the brain. In view of the presence of the anastomotic vessel, it is necessary not 
only to ligate the internal carotid, but also the external carotid artery. Further- 
more, the occipital artery, in view of the occipital-vertebral anastomosis 
present in some specimens, and the ascending pharyngeal which may com- 


municate with the internal carotid, should also be ligated. This would apply 
particularly to the dog and cat. 
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The variation in the carotid circulation of these species is of interest from the 
point of view of the mechanism of the reflex rise of arterial blood pressure upon 
occlusion of the common carotid artery. Euler & Liljestrand (1943) found that, 
in the cat, concomitant chemoreceptor excitation caused an appreciable 
proportion of this rise of arterial pressure. This is in all probability due to 
the decrease of blood flow through the carotid body (Neil, 1951). In the dog, 
on the other hand, we have shown that common carotid occlusion causes 
a reversal of the direction of the blood flow in the internal carotid artery, so 
that the carotid sinus and therefore the carotid body, still receive an appreciable 
blood supply from the circle of Willis. On this basis, it might be expected that 
the chemoreceptor contribution to the reflex rise of blood pressure after 
occlusion of the common carotid artery in the dog would be less than in the 
cat. Confirmation of this hypothesis is still required. 

It was suggested that, in dogs, the absence of any bronchomotor response on 
carotid clipping was due to an inadequate fall of intrasinusal pressure, since 
lowering it to 40 mm.Hg by other means caused bronchodilatation (Daly & 
Schweitzer, 1952). This suggestion is strengthened by the results presented in 
this paper and by the fact that carotid sinus nerve section also causes broncho- 
dilatation (Daly & Schweitzer, to be published). 


SUMMARY 

1. The effect of common carotid occlusion upon the intrasinusal pressure 
has been investigated in the dog, cat and rabbit. 

2. In the dog, ipsilateral common carotid occlusion rarely causes the intra- 
sinusal pressure to fall below the threshold for the baroreceptors. There is 
then a partial recovery of the pressure. Similar effects occur in the cat, 
although the initial fall of pressure is greater than in the dog so that the action 
potential discharge in the. baroreceptor fibres of the carotid sinus nerve tem- 
porarily ceases. In the rabbit, common carotid occlusion causes the pressure 
to fall to 30-45 mm.Hg. 

3. The partial recovery of the intrasinusal pressure following common 
carotid occlusion is due to blood flowing back into the sinus from other 
sources. These are the contralateral common carotid, vertebral and spinal 
arteries. They transmit their effects mainly through the circle of Willis. The 
contribution of the vertebral and spinal arteries in the cat and rabbit is 
relatively smaller than in the dog. The degree of recovery of the pressure is 
partly determined by the reflex rise of arterial blood pressure. 

4, The species variation in the intrasinusal pressure response to carotid 
occlusion can, in part, be correlated with the extent of the vasular communi- 
cations between the carotid and vertebral circulation. These communications 
have been demonstrated by latex injections. 
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5. In the-dog, both internal-carotid and internal maxillary arteries com- — 
municate with the circle of Willis. The anastomotic vessel joining the orbital] 
branch of the internal maxillary with the internal carotid may be as large as 
the internal carotid itself. An analogous vessel is present in the cat but not in 
the rabbit. The internal carotid in the cat is vestigial. Other smaller com- 
munications are described. 

The authors wish to express their thanks to Dr I. de Burgh Daly for the supply of some of the 
injected specimens, and to the British Geon Ltd. for the hycar latex. Two of us (M. de B. D. and 
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THE FORCE EXERTED BY ACTIVE STRIATED MUSCLE 
DURING AND AFTER CHANGE OF LENGTH 


By B. C. ABBOTT anp X. M. AUBERT (Louvain) 
From the Biophysics Department, University College, London 
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The tension exerted by a fully active muscle during shortening is less, during 
lengthening greater, than in an isometric contraction. The tension-length 
relation under isometric conditions is well known, while the relation between 
speed of movement and tension has been investigated by many authors by 
the use of two principal techniques: the constant load (or isotonic) and the _ 
constant speed (Levin & Wyman, 1927) methods. For shortening it has been 
found to follow the simple characteristic equation described by Hill (1938), 
but during forcible extension it appears to be more complicated. Thus Katz 
(1939) found, with moderate loads (up to about 1-7 times the isometric 
tension), that the speed of isotonic lengthening diminished progressively 
during the stretch. With still larger loads, the speed was high as though the 
tension had reached a limiting value. 

In the present experiments, the constant speed method has been applied 
to frog, toad and dogfish muscle, with special attention paid to the course of 
tension after the end of the movement. The dogfish muscle was studied be- 
cause the experiments of Levin & Wyman (1927) appeared to indicate that it 
could exert larger tension without ‘give’ and that its behaviour during 
lengthening might be similar to, and as simple as, that during shortening. 

In the course of these experiments we obtained further evidence that the 
events during stretch are not merely the inverse of those during shortening: 
over a wide range of speed, the rise of tension during lengthening appeared to 
depend only upon the distance and not the speed, quite unlike the fall of 
tension during shortening. A much greater symmetry, however, characterizes 
the events after the change of length: when stretching ceases, the excess of 
tension immediately begins to decay, but if stimulation is continued the final 
value attained after several seconds is usually appreciably above the tension 
developed in an isometric contraction at the same length. In the same man- 
ner, after a shortening, the redevelopment of tension towards isometric is 
often incomplete, as already observed by Buchthal (1942) in the case of single 
fibres, 
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METHODS 

Stretches at constant speed were applied to muscles from dogfish (Scylliwm canioula), toad 
(Bufo bufo) and frog (Rana temporaria) by means of a Levin-Wyman ergometer; the tension was 
recorded throughout the movement. The muscles were kept at 0° C. in oxygenated salt solution: 
Pantin’s (1946) solution was used for coracomandibulars of small dogfish (45 cm.), and Ringer’s 
solution buffered at pH 7-0 with phosphate buffer containing 6 mg. P/100 ml. for sartorii of toads 
and frogs. A light jeweller’s chain linked the muscle to the tension lever on the ergometer; 
tension was recorded directly on a smoked drum in the case of dogfish muscles and displayed on 
a cathode-ray tube through a photocell amplifier in the case of toad and frog muscles. Stimula- 
tion consisted of condenser discharges with a repetition frequency up to 10/sec. In certain cases 
the frequency was increased above that needed to get a fused tetanus in order to study the effect 
of frequency. 
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Fig. 1. Maximum tension developed at different lengths in isometric contraction of dogfish jaw 
muscle (standard length, 37 mm.; weight 600 mg.). Temperature 0°C. Stimulus frequency 
5/sec. 

The muscle was kept isometric until ite full tension had developed (1-3 sec. according to the 
muscle). A stretch of 4-5 mm. was then applied at a constant speed between 0-5 and 30 mm. /sec. 
The total duration of stimulus was conditioned by the type of experiment. Stimulation was 
stopped immediately after the stretch when only the rise of tension was being studied, but was 

sometimes prolonged for about 30 sec. in order to follow the later slow fall of tension. 

In certain cases the events associated with shortening were studied in a similar manner. 

Isometric contractions at the final length were imposed before and after each record of 
or shortening; sets of measurements were accepted only if no significant change was found. 

The isometric tension of a muscle varies with the length at which it is measured. The effect is 
a large one and has been described by many authors (e.g. Hill, 1925; Fenn & Latchford, 1933). 
An example for dogfish muscle is given in Fig. 1. Stretches or shortenings were applied between 
various lengths on both sides of the length at which the tension developed is maximum. 


RESULTS 
The rise of tension during a stretch 
The general features of the tension changes during a stretch are well illustrated 


in the typical experiment of Fig. 2 on a toad sartorius. Stretches of 4 mm. at 
speeds of 1-9, 5-0 and 8-0 mm./sec. were applied to a tetanized muscle begin- 
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ning at 1-5 sec., by which time the full isometric tension had been developed. 


It is clear that the maximum tension reached during the stretch is almost the 
same in the three cases. The speed being uniform during each stretch, a tension- 
time curve can be transformed into the dynamic tension-length relation. The 
similarity of the three events is then still more evident; indeed in this experi- 
ment the dynamic tension-length diagrams are identical (first experiment of 
Table 1). Only at very low speeds is the difference in tension during stretch 
appreciable, as indicated in the experiment of 4 May (Table 1): even in that 
case the difference both in tension and work hardly exceeds 10 %. 
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Fig. 2.. Tension during and after stretch of toad sartorius at 0° C. (standard length 28 mm.; 
weight 134 mg.). Stretch from 21-5 to 25-5 mm. began after 1-5 sec. of stimulation: curve A 
at 8 mm./sec., B at 5mm./sec., C at 1-9 mm./sec. D isometric at final length 25-5 mm. 
Stimulus frequency 3/sec. 


The same general results were obtained with the dogfish muscle (Table 1). 
For speeds above 1 mm./sec. both increase of tension and work done in stretch 
remain almost independent of speed. 

The contrast to shortening becomes evident when the two kinds of experi- 
ment are made on a given muscle, as in the following example for dogfish 
muscle: the final values of tension are given as percentages of the isometric 
tension at the terminal length for both shortening and stretching at two 
different speeds, the range and the final length being the same in all cases. 


Stretch 202 210 

Shortening 70 52 

The effect of speed of movement on the final tension is obviously quite 
different in the two cases: it is negligible in stretch but large in shortening. 
On the other hand, when the movement is very slow the rise of tension in the 
stretch is much larger than the corresponding decrease of tension which 
accompanies shortening. That, of course, might be expected from an extra- 
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polation of the characteristic relation for shortening (Hill, 1938) and the fact 
that the tension does not increase much with speed of stretch might be 
through ‘give’, due to some irreversible change of internal state of the muscle. 


TasLe 1, Muscle tensions during stretches at constant speed 
Tension at  Tensionat Tension at 


Speed of middle of end of 
stretch 4 stretch stretch Work 
(mm. /sec.) (g-) (g-) (g-) (g.cm.) 
1-9 

5-0 28 53 57 
8-0 28 52 57 19-6 
4 May 09 100 149 163 57°5 
2-0 100 160 178 61-0 
3-6 100 164 184 63-4 
6-2 100 167 183 64:5 

5 Aug. 0-9 37 — 115 ail 

3-3 36 120 

7-4 37 118 

17-0 37 — 116 —_— 
8 Aug. 0-5 110 ee 178 64-0 
6-0 110 _ 195 712-0 
30-0 110 — 207 74-5 
9 Aug. A 0-9 110 rer 232 90-0 
1-4 110 aie 241 96-0 
B 0-9 244 94-0 
7-4 256 99-0 


A, stretch from length less than that for maximum isometric tension. B, stretch from length 
greater than that for maximum isometric tension. Temp. 0° C. 


The readjustment of tension after stretch and shortening 

As soon as a stretch finishes, and provided the stimulation is continued, the 

tension falls back towards the new isometric level; but for the toad muscle of 

Fig. 2 it has not reached that level even after a further 3 sec. The figure shows 

further that the tension falls the more quickly as the stretch has been more 

‘rapid, despite the fact that the tension at the end of the stretch is about the 

same. Moreover, the quicker the stretch the less is the final excess of tension 
above isometric. 

These observations have been extended in the case of dogfish muscle to 
stimulus durations up to 30 sec. after the end of the stretch. The tension rise 
after constant speed shortenings has also been studied to see if any corres- 
ponding difference from the ordinary isometric tension occurs. The evidence 
of Fig. 3 shows that such deviations do arise in both cases. A muscle was 
brought to length 34 mm. both by stretching it from 29 to 34 mm. (curve A) 
and by shortening at the same speed, 0-6 mm./sec., from 39 to 34 mm. 
(curve B). The tension developed at a constant length 34 mm. is given for 
comparison in curve C. After the end of movement the tension immediately 
begins to readjust itself towards, but eventually settles at a value different 
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from, the isometric: about 20 g. above isometric after stretch and the same 
amount below after shortening. The level reached is quite steady at about 
7 sec. after the movement ends, but is approached rather more rapidly with 
shortening than with stretch. The muscles have to be in good condition to 
stand such long tetani, otherwise fatigue is likely to interfere with the results. 
For this reason isometric tetani were regularly interposed and the series 
discontinued at the first sign of important change. 
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Fig. 3. Tension changes during and after movement in dogfish muscle (standard length 35 mm. ; 
weight 740 mg.). Curve A, stretch 29-34 mm., B shortening 39-34 mm. Movement began 
after 3 sec. of stimulation. Curve C, isometric 34 mm., with identical traces before, between 
and after curves A and B. Temperature 0° C. Stimulus frequency 5/sec. 


Two factors were found which influenced the readjustment of tension after 
movement. The effect of speed has already been mentioned in respect of 
stretch of toad muscle (Fig. 2): the quicker the stretch the less the final excess 
above the isometric tension. The same rule applies to shortening as illustrated 
for dogfish muscle in Fig. 4, where after the same amount of shortening at 
speeds of 0-5 and 8 mm./sec. the tension settled respectively at 24 and 6 % 
below the isometric tension for the same length. After a very sudden release 
the tension rises to the isometric value at the final length (Gasser & Hill, 1924). 

The other factor affecting recovery of tension was the length at the end of 
movement. The isometric tension during a tetanus goes through a maximum 
at a length just greater than that in the body, and the stretches were applied 
either on the rising limb of the tension length curve (Fig. 1), or around the 
peak of the curve, or on the falling limb. Table 2 shows that the residue of 
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tension above isometric is greater when the stretch had been applied around — 


the peak or on the falling limb of the tension length curve. Even in the region 
to the right of the maximum of Fig. 1, where the isometric tension is less the 
greater the length, the rise of tension with stretch is as large as that on the 
other side of the maximum; and it is in that same region that the residual 
tension is higher. | 
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Time after beginning of stimulation (sec.) 


Fig. 4. Recovery of tension after shortening at different speeds. Dogfish jaw muscle, 0° C. 
(standard length 33 mm., weight 540 mg.). Stimulus frequency 5/sec. Shortening 42-37 mm., 
curves A at 0-5 mm./sec., B at 8 mm./sec., C, isometric 37 mm. 


TaBLE 2. Residue of tension above isometric during ‘after-stretch’, following stretches 
at constant speed over various parts of the isometric tension-length curve 


Date Rising Falling 
(Aug.) limb Top limb 
2 4 
3 2 — 13 
4 11 — 20 
5 16 — 52 
6 11 19 — 
7 0 22 _ 
10 20 


ll 17 


Dogfish muscle, with residual tensions expressed as percentages of the full isometric value. 
Stretches of 5 mm. were applied either on the rising limb, or at the top, or on the falling limb of 
the tension-length curve (see Fig. 1). 3 


In some experiments after a slow shortening at constant speed, and when 
tension had readjusted itself to about 80 % of the normal isometric tension, 
the stimulus was stopped for varying lengths of time and then restarted. If 
it was stopped long enough to allow the tension to fall to zero, the tension 
which redeveloped reached the full isometric value at that length; if the 
interval was shorter the tension redeveloped was less (Fig. 5). The lower value 
of final tension after shortening may be related,.as mentioned in the following 
discussion, to some genuine internal change of structure: a fall of the tension 
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to zero gives the different elements of the muscle the opportunity to return 
to their normal arrangement. In the case of a stretch, the tension never rises 
again above isometric after the interruption. 


L 
0 er 10 1§ 20 
Time after beginning of stimulation (sec.) — 
Fig. 5. Dogfish muscle 0° C. (standard length 33 mm., weight 380 mg.). Stimulus frequency 
5/sec. Effect of break in stimulation during recovery of tension after 5 mm. shortening at 
1-1 mm./sec. Curve A, isometric tension; B, stimulus stopped for 0-7 sec. during tension 
readjustment after shortening; C, stimulus stopped for 3 sec. 


DISCUSSION 


The response of dogfish muscle to stretch disagrees in some respects with the 
results of Levin & Wyman (1927), inasmuch as they found a much greater 
symmetry in the changes of tension during stretch and shortening. The present 
experiments, however, were performed at 0°C., while it is probable that 
Levin & Wyman were working at room temperature. Since the jaw muscle 
of dogfish is quite thick (at least 3 mm.) only the outer layers of an isolated 
muscle can get sufficient oxygen supply at room temperature: consequently 
during the longer time of a slower stretch the muscle might contract less 
actively than during the shorter time of a quicker stretch and the work would 
be less. This biases the results in favour of quick stretches and exaggerates — 
the true influence of speed. This suggestion is supported by the effect of 
frequency of stimulation. High frequencies also depress muscular response 
and it was, in fact, possible to reproduce Levin & Wyman’s results in that way: 
dogfish muscles at 0° C. were stretched at two speeds (0-9 and 8-4 mm./sec.) 
and the work done during each stretch was measured. This was repeated at 
three different frequencies of stimulation. The work done at the higher speed 
of stretch was always greater than a the lower speed, but the difference 
between the two increased with stimulus frequency; with 7, 12 and 25 shocks/ 
sec., the values of the work done in the fast stretches were respectively 7, 22 
and 70 % greater than in the slow stretches and were associated with lower 


tensions as the frequency of stimulation increased. 
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Another explanation might have been suggested; according to Levin & 
Wyman themselves, the work done in stretch becomes constant at high speeds: 
could not all the speeds used in the present experiments lie within this region 
owing to the temperature difference? This is disproved by reference to the 
_ shortening experiment mentioned above, where the effect of speed on work 
done is large. The symmetry of the curve in Fig. 3 of Levin & Wyman’s 
paper shows that, for the range of speeds where large changes occur during 
shortening, similar changes should occur during stretches at the same speeds: 
no such variation was present, and it may thus be concluded that dogfish 
muscle responds to stretch in a manner similar to frog and toad. 

The tension after the end of movement settles to a steady level different 
from the isometric value at the final length attained. Might not friction, 
either external or internal, be the cause of the difference? External friction 
can readily be discarded: the muscle was kept in fluid during the experiments, 
the electrodes offered negligible resistance and the tension-recording system 
was practically frictionless—especially when using photocells. The extra heat 
production which accompanies shortening might be related to internal friction, 
but then a similar heat increment would be expected in lengthening. On the 
contrary, Abbott & Aubert (1952) could detect a slightly decreased rate of heat 
production during the fall of tension after stretch had ended but while stimula- 
tion was continued, comparable to the ‘negative heat of lengthening’ observed 
in a slow isotonic stretch. During this process the series elastic elements of the 
muscle-lever system, placed under stress during the imposed movement, 
expend some of their elastic energy in slowly stretching the contractile 
material; far from being dissipated as heat, that work entirely disappears 
together with a certain amount of heat. 


Fig. 1 suggests another possibility. A muscle cannot be regarded as a single | 


contractile element uniform throughout its length. Hill (1949) has pointed 
out that it is very improbable that a muscle fibre, with a length hundreds of 
times its diameter, should have a constant strength throughout. During 
shortening against a constant load the stronger portions may be expected to 
stretch the weaker ones; during a stretch to be stretched less than the weaker 
ones. It is doubtful whether isolated single fibres really present the mechan- 
ical homogeneity sometimes assumed. In a whole muscle, with a large number 
of fibres acting in parallel, an average value is obtained, and even in the 
presence of a certain amount of connective tissue the average cross-section 
must be relatively more constant than in a single fibre. Since a given muscle 
can develop the same tension at different lengths the possibility arises that 
various regions along a muscle fibre may be brought to work on opposite 
sides of the tension maximum. Different tensions might then be developed 
at the same length, depending on the way of arriving at the length. The con- 
tinued depression of tension after shortening at constant speed could be 
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explained in this way, but it is not so easy to imagine after a stretch a final 


_ tension above isometric—especially a value higher than the maximum of the 


isometric tension-length curve. The constant occurrence of the decrease in 
heat production during a slow ‘after-stretch’ points rather to some genuine 
internal change of structure. Some support for this idea is provided when 
a muscle is slowly lengthened isotonically. Katz (1939) demonstrated a con- 
tinuous drop in the speed of lengthening, the speed being less than would be 
expected from extrapolation of the characteristic equation. Almost the whole 
of a very slow stretch and not merely the later parts seem to be ‘reversible’ 
(Abbott & Aubert, 1952), and is associated with a constant negative heat 
of lengthening. It seems, therefore, as though some progressive internal 
reorganization has occurred with perhaps an accompanying increase of 
maximum isometric tension P,. 

A corresponding change may occur during shortening. If the muscle of 
Fig. 1 is stimulated at length A and allowed to contract isotonically under an 
afterload of 53 g., it will shorten until its length is 35 mm. where the isometric 
tension is 53 g. If, however, the muscle is stimulated isometrically at length A 
until the full tension has been established and then suddenly allowed to 
shorten under the same 53 g. load, the amount of shortening is always appreci- 
ably less than in the first case with no preliminary isometric contraction. 

This effect has been verified on frog-muscle (Aubert & Nuyts, 1952) and 
suggests that a large tension developed during activity is linked with an 
increased rigidity of the muscle. The hysteresis-like effect apparent in tension 
after slow movement may thus be due to some change within the molecular 
framework of the muscle: during isometric contraction a sort of crystalline 
pattern seems to be produced which is distorted when movement occurs. 
Interruption of stimulation long enough for the tension to fall to zero breaks 


the distorted pattern so that the normal isometric tension can develop when 


the stimulus is restarted. It is not surprising that forced stretch may bring 
temporary damage to such a crystalline network, repairable as the framework 
is rebuilt in the course of the next stimulation. These are the characteristics 
of ‘give’ in muscles. | 
SUMMARY 
1. The events when an active muscle is stretched are not merely the con- 


_ verse of those during shortening. 


2. The tension rise which accompanies an imposed stretch at constant speed 
depends on the distance moved and hardly at all on the speed of movement: 
this is in contrast to changes observed during shortening (except at very low 
speeds). 

3. After the end of a stretch at constant speed, and provided that stimula- 
tion is continued, the tension falls back towards but remains considerably 
above the isometric tension at the terminal length. 
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4, Similarly, after a slow shortening at constant speed, the tension remains 

_ considerably below the isometric value. 
_ 5. When such an excess or deficit of tension is being manifested, if excita- | 
tion is interrupted long enough for the tension to drop to zero, the full 
isometric value is re-established when excitation is resumed. * 
6. The possibility that previous shortenings or lengthening influence the 
internal structure, and so affect the final tension at a given length, is discussed. 


We wish to thank Prof. A. V. Hill for his guidance in this work, and also the director and staff 
of the Marine Biological Laboratory, Plymouth, where much of the work was performed. seca 
the expenses were defrayed by a grant from the Royal Society. | 
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THE EXCITABILITY OF A SINGLE FIBRE 
| IN A NERVE TRUNK 


By J. J. LUSSIER* anp W. A. H. RUSHTON 
From the Physiological Laboratory, University of Cambridge 
(Received 30 November 1951) 


Several factors complicate the measurement of the space distribution of 
excitability in a nerve trunk. Most trunks get smaller as we pass peripherally, 
due to loss of fibre content.through branching. A current passing down such 
a trunk will therefore be denser in the distal than in the proximal region. 
Moreover, any shift of the electrodes will alter the resistance of the circuit in 
a way not readily predictable, and this may involve difficulties in the measure- 
ment of the current. 

A fairly satisfactory way to overcome these irregularities is to set the nerve 
in a uniform rod of agar-Ringer jelly about 1 mm in diameter. If the electrodes 
are rings through which the jelly rod just slips, a very uniform field may be 
applied to the outside of the nerve (Rashbass & Rushton, 19496, Fig. 2). 
And the current may be made nearly independent of the tissue resistance by 
means of a servo-stimulator (Rushton, 19492). 

When the space distribution of the stimulus was made precise by these 
(or other) means, it was possible to see how accurately the distribution of 
excitability corresponded to the expectations of the simple cable theory 
proposed by Hermann, Cremer and others more than 50 years ago. It was 
found that though undoubtedly the expectations were followed in a general 
way, there were some clear divergencies in detail. Thus Rushton (19496) 
showed that the most excitable point might be not at the cathode but some 
3 mm distant, and the distribution of excitability in the neighbourhood of the 
cathode was markedly different from the exponential curves demanded by 
the simple cable theory (Rashbass & Rushton, 1949a, 6). . 

These discrepancies received a very simple explanation (Rashbass & 
Rushton, 1949¢). The epineurial sheath has substantial electrical resistance, 
so the current flow through it is distorted. By placing an electric probe 
beneath the sheath, the field there was mapped out. It was found to be quite 
different from the field on the outside of the sheath, and precisely of the 
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form to account for the observed excitability distribution in terms of the 
simple cable theory. Moreover, when the epineurium was dissected off, 


the excitability attenuated with distance from the cathode exactly according 


to the theoretical exponential curve, from which A, the space constant of the 
cable, could be measured. 

More recently this type of measurement has been extended to the «, 8 and 
y fibres of the (stripped) frog’s sciatic trunk (Lussier & Rushton, 1951), and we 
have shown that A for each type of fibre is proportional to conduction velocity, 
a relation which would be expected upon theoretical grounds (Rushton, 1951). 
_ Now there is one aspect of the application of the simple cable theory which 

needs further consideration, for this theory is based upon the assumption that 
current crosses the myelin equally readily at all points, but we know that in 
fact it crosses chiefly at the nodes of Ranvier. 

It must have been apparent from the time of Ranvier himself that dese 
gaps in the insulation were likely to favour the. passage of electric currents, 
and when Kubo, Ono and Tasaki succeeded in dissecting out single medullated 
fibres (see Kato, 1934) the importance of the nodes in excitation became estab- 
lished. Evidence of different kinds has. been advanced by Erlanger & Blair’s 
(1934) segmental blocking, Lillie’s (1925) iron wire model made ‘medullated’ 
by threading on the wire short lengths of glass tubing, and Huxley & Staémpfii’s 
(1949) beautiful quantitative work. But the very extensive observations 
of Tasaki and his colleagues constitute perhaps the strongest evidence we have 
that excitation occurs at the nodes, and that Lillie’s ‘medullated’ model is 
a fairly accurate representation of nerve excitation. 

We need then to reconcile two different relationships. When excitability 
measurements are made upon the whole (stripped) nerve trunk (using say 
4+ maximal action potential as index of adequate excitation) the results fit the 
simple cable theory, but when the same kind of measurements are made on 
a single isolated nerve fibre, results of quite a different kind are found involving 
the nodes of Ranvier. Clearly two kinds of explanation are possible. Perhaps 
the difference is due to the removal of the fibre from the trunk (possibly the 
effect of damage or change of environment). Or perhaps the difference is not 
between a fibre removed or intact, but between measurements upon an 
individual fibre on the one hand, or upon the whole group constituting the 
$ maximal response on the other. To investigate these possibilities further is 
the object of this paper. 

METHOD IN PRINCIPLE 
If the excitability of one particular nerve fibre in the trunk is to be studied, 
the first problem is to obtain a reliable index of whether this fibre is active or 
not. We used a motor nerve fibre and recorded the action potential from the 
muscle fibres constituting its motor unit. This helped in the problem of 
isolation and amplification. 
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Our first hope was that the recording electrodes might be so well localized 
that no other motor units would confuse the record. This, however, was far 
from the case, and we saw that it would be impossible to recognize with 
confidence whether our particular fibre was active or not, in the complex 
record which often presented itself. However, by a simple device, we were 
able to overcome this difficulty. | 

A shock was applied through electrodes S,, Fig. 1. As the shock strength 
was increased a point was reached when some small twitches appeared on one 
or more muscles of the foot. The recording leads were applied to an appropriate 
place on the muscle surface to give a good action potential. In favourable 


Fig. 1, Arrangement of stimulating electrodes S,, S, on the nerve and fine recording leads 
on the foot muscles. 

cases the action potential was all-or-none over some little range of stimulus 
strengths. This was interpreted to mean that a single motor unit was involved 
and that the next within range of the recording leads had a substantially — 
higher threshold. The strength of S, was adjusted to the middle of the all-or- 
none range and the whole system so far described left unchanged throughout 
the experiment. A record such as Fig. 2(a), therefore, could always be obtained. 
Now the stimulus to be studied is not S, but S,, which is sent in 1 or 2 msec 
before S,. If S, does not excite any other fibres affecting the record, it will 
have no visible effect until it excites the fibre of record (a). It will then cause 
the wave of Fig. 2(a) to appear earlier, for S, is applied a millisecond or so 
before S,, and the conduction distance is also shorter. But the stimulus S, 
cannot now be effective on account of the refractoriness due to S,, so that 
Fig. 2(b) shows the wave appearing in the earlier position and disappearing 
from the later position. 

Now in general, as we gradually increase the strength of S,, it will excite 
other nerve fibres affecting the record before reaching the threshold of the 
particular fibre excited by S,. So the appearance is as Fig. 3, where (a) shows 
the single motor unit wave due to S, alone, and (6) shows, in addition, an 
earlier wave due to S, stimulating other nerve fibres. As soon as S, is strong 
enough to excite the particular fibre of S,, its wave is added to the wave on 
the left—which may or may not be easy to appreciate. But no one could over- 
look the fact that the S, wave has disappeared from its place on the right, and 
where there had been a wave there is now none (Fig. 3(c)). The procedure, 
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then, is simply to adjust a pointer to indicate the place on the tube, where the 
S, wave may be expected, and then for every setting of S, to note whether 
there is or is not a wave at this place. The method just described permits the 
physiological isolation of a single nerve fibre without any anatomical isolation 
at all. It is therefore suitable for approaching the problem of whether the 
excitability distribution in an undissected single fibre is described best by 
a uniform or a segmental cable model. | 


| Fig. 2. ce Fig. 3. 
Fig. 2. Records from single motor unit. (a) excited by S, only; (6) by 8, anticipated by 9, and 
Fig. 3. (a) record from single unit excited by S, only; (b) as in (a) but S, also applied at a strength 

subthreshold for the fibre of S,; (c) strength of S, increased to excite that fibre so S, falls in 
refractory phase. (Records retouched.) | 


When the singleness of an excitable system is inferred from the all-or-none nature of the response, 
one has to guard against the possibility that two fibres happen to have exactly the same threshold. 
The present method is exceptionally free from error of this kind. For not only would the two 
fibres need to have the same threshold for S,, but also these two excitabilities would have to be 
identical for every point occupied by S,, otherwise when S, gradually increased in strength only 
half of the S, wave would disappear—a phenomenon never observed. : 

_ A slight change in wave form of the single unit was often seen as in Fig. 3 (a) and (b). This 
was no doubt due to small movements of the contracting muscle relative to the microelectrode. 
In long experiments, also, some fibres of the unit dropped out intermittently due to fatigue. As 
appears from Fig. 3 such variations did little to dim the sharpness of the ‘presence-or-absence 
criterion upon which the measurements of this paper rest. : 


EXPERIMENTAL PROCEDURE 

Sciatic nerves of English frogs (Rana temporaria) were used. The nerve was dissected out with the 
foot attached, stripped of epineurium and set in a jelly rod by the method of Lussier & Rushton 
(1951). It was then set up in a suitable Perspex moist chamber, threaded through the ring 
electrodes of S,, S, which made a good fit, and fixed in position by threads. The recording electrodes 
were two 50 » insulated silver wires separated by about 100 u and sealed into a hypodermic needle 
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out off ‘square’. The needle was earthed, but insulated by varnish outside so that the preparation 
was not connected to it since the distal lead of S, was earthed. The needle could be rotated on its 
axis to get the best orientation for recording. A suitable nerve fibre was chosen as follows. The 
stimulus S, was increased until some muscle groups could be seen to respond in the foot. The 
needle end was then applied to the surface over one of these groups and adjusted to give a good 
record. If this showed an all-or-none relation over a fair range of stimulus strengths, S, was left 
fixed in the middle of the range with reasonable expectation that this strength would elicit the 
response of just this unit throughout the course of the experiment. If, on the other hand, the 
recording site was not satisfactory, the needle was moved, or the position of the S, electrodes 
_ The stimulus S, was a brief shock delivered through a small transformer from a thyratron 
discharge. S, was a square pulse of 0:5 msec duration throughout. The distal electrode was 
earthed and the proximal connected to the stimulator (either positive or negative pulse) through 
a resistance of 60k. The fairly high amplification required with the present system of recording 
made it important that the nearest stimulating electrode should be earthed, otherwise large 
artifacts appeared. This requirement precluded the use of the servo-stimulator (Rushton, 1949), 
employed in former investigations. The 60 kQ series resistance is not sufficient entirely to swamp 
the resistance of the jelly rod at great interpolar lengths, but the experiments were so arranged 
that errors due to this did not affect any conclusions to be drawn from the results. 


RESULTS 
Experiment I 
This was designed to throw light upon the question: ‘Is a nerve fibre when 
still im situ in the trunk excitable at all points, or only at the nodes?’ 

The electrodes S, (Fig..4(a)) in this case were three rings of rather fine silver 
wire lying close together but insulated from each other by a layer of varnish. 
They formed together a little tunnel of about 1 mm length and 1 mm bore. The 
three wires each made good contact with the jelly rod within. The middle wire 
was cathode and the other two both earthed anodes, and the whole system — 
could be gently slid over the nerve by a rack-and-pinion movement easily 
read to 0-1 mm. 

Now the significance of this tripolar electrode system is that except for the 
1 mm occupied by the electrodes, the whole nerve surface is at earth potential. 
So if the nodes alone are excitable the nerve will only be capable of response 
when the electrodes lie over a node. The experiment thus was simply per- 
formed. The stimulus S, was made as strong as the equipment permitted. 
The electrode system was then pushed very slowly along the nerve and for 
every position it was noted whether the excitation was effective or not. The 
effect was (as described earlier) the abolition of the all-or-none wave due to 
S, which falls upon a refractory fibre when S, has excited it. 

The results of six experiments are summarized in Fig. 4(b). The black parts 
show the regions where excitation occurred, the white parts where it did not. 
It is apparent that excitation only occurred in certain regions of the fibre, and 
the spacing was about right for the distances from one node to the next. The 
width of the black regions in the figure is due partly to current spread about 


2 
4 
a 
+ 
a 


92 J. J. LUSSIER AND W. A. H. RUSHTON 


the electrodes and so the excitable area of the fibre itself must be somewhat 
narrower. | | 

In the isolated fibre Tasaki (1939) has observed that the nodes alone are 
excitable. Our observations are in complete accord with this, and we believe 
that the black regions of Fig. 4(b) represent the positions of successive nodes. 

Upon this interpretation, the lowest nerve of the figure appears to have one 
internode about twice the normal length. This might possibly be an experi- 
mental error since it was not discovered until the results were plotted later, 
and so could not be re-checked. But Vizoso & Young (1948) have observed 
(rabbits) that an occasional dropping out of a node is not uncommon. 


Fig. 4. (a) arrangement of electrodes; (b) results on six nerve fibres showing the regions (black) 
where excitation could be obtained and (white) where it could not be obtained using the 
tripolar system S, (Fig. 4(a)), with the strongest shocks available. Numbers give distance 
(mm) between mid-points of black regions. 


II | 
In this the nerve was stimulated through the usual bipolar electrodes 
(Fig. 1) to find how the threshold depended upon the distance between the 
cathode and the nearest node. In our investigations on the space constant of 
the a, B and y fibres (Lussier & — 1951) we had seen that fibres of 
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each group, though pretty uniform with regard to A and to conduction 
velocity, had thresholds which showed a large scatter: indeed the most 
excitable f fibres had a considerably lower threshold than the least excitable 
a@ fibres. One possible cause of threshold variation was the variation in 
position of the nearest node in relation to the fixed cathode. The effect of this 
could be calculated and gave the result that thresholds should vary by about 
30% from this cause. At the time, this working seemed rather too hypothetical 
to be accepted with any confidence. The present experiment, however, shows 
that the theory is quantitatively correct, but that the position of the nodes is 
not the only factor upon which threshold variation depends. 

The simplest form of the experiment is when the distance between the two 
electrodes of S, (Fig. 1); is large. The distal electrode was the cathode and was 
earthed. It was moved in steps of 0-25 mm and the anode was kept 10 mm 
distant from it. For each position of the electrodes the threshold was found, 
and in Fig. 5(a) the reciprocal (=excitability) is plotted in arbitrary units 
against the cathode position. The theoretical expectation, assuming each node 
to have the same excitability and the myelin to be a perfect insulator, is worked 
out in Appendix A, and the results of this calculation are shown by the straight 
lines of Fig. 5(a). The excitability should be greatest at the nodes and decline 
symmetrically on either side. As we travel away from the node the excitability 
should fall linearly until at the mid-internodal point the line cuts that from 
the next node. From here this second node becomes more excitable and the 
observed excitability of the whole fibre should be given by the (undotted) 
upper portions of the intersecting lines. Only the slope of the lines is 
arbitrary. 

The excitability values actually observed (circles, Fig. 5(a)) follow closely 
the theoretical lines. The first three peaks are given an arbitrary excitability 
of 1. The slope of the lines is such as to bring the excitability down to 0-4 when 
the cathode is a whole internode distant. This value of 0-4 is quite an important 
measure. For the nerves of a given type of animal it should be independent of 
fibre size according to the theory recently advanced by Rushton (1951). And 
we have found that though there is some little variation from nerve to nerve 
this does not seem correlated with fibre size. From the value of 0-4 we shall 
deduce at the end of this paper that when the space constant is obtained by 
excitability measurements on the whole nerve trunk (cf. Lussier & Rushton, 
1951) the value of A for each fibre group is 1-2 times the internodal lengths of 
_ the fibres involved. | 

Now Tasaki (1939) has a measure which is almost exactly comparable. By 
means of his ridge-insulator technique he placed a single fibre so that electrodes 
could be applied to three consecutive nodes 1, 2 and 3. He plotted the current 
entering through node 3 against the current leaving through node 1 when the 
latter was just excited. The relation was a straight line making an angle 8 with 
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the horizontal (his fig. 2). Now cot f is precisely the fraction of the excitation 
at node 2 which spreads to node 1 and adds to the excitability there measured. 
It should thus be the same as our average value of 0-4 which represents the 
same thing under only slightly different conditions of excitation. Tasaki gives 
values of 0:35-0:45 for cot 8 when the stimulus duration was 5 msec. 


Our stimulus was only 0-5 msec, but Tasaki’s curves show that very little change occurs in 
cot f for durations between 0-4 and 5 msec and we had chosen 0:5 msec because our previous 
observations (Lussier & Rushton, 1951) showed that longer durations produced no change in A. 


did 
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mm 

Fig. 5. ; Fig. 6. 

Fig. 5. Nerve excited by dipolar electrodes 10 mm apart. Position of cathode relative to some 
fixed point on the nerve shown by horizontal axis, excitability plotted as ordinate. (a) epi- 
neurium stripped, axis on left; (b) epineurium intact, axis on right. The lines in (a) show the 
theoretical excitability relation to be expected if excitation occurs only at the nodes. 

Fig. 6. (a) as Fig. 5(a); (b) the same except that exciting electrodes are 2 mm apart instead of 
10 mm. Note the peaks corresponding to the position of the nodes are in the same places 
for (a) and (6); the troughs should not be. . 


The fourth node of Fig. 5(a) appears less excitable than the others. 
Irregularities of this kind were common, and usually more pronounced than in 
Fig. 5. We did not discover the cause. 

Though the curve of Fig. 5(a) is symmetrical, we give quite a different 
interpretation for the peaks and the troughs. Each peak represents the 
maximum of excitability which occurs at the node and is therefore fixed in 
the structure of the tissue. Each trough represents the place where the line 
declining from one node crosses the line declining from the next node. It 
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indicates, therefore, the transition from excitation at one node to the next, and 
the transition place is not fixed by any feature of tissue structure. 

Lest it seem rather arbitrary to interpret so differently features of the curve 
which appear so similar, we modified the foregoing experiment to substantiate 
the interpretation and to demonstrate a further application of the theory. 
The modification was simply to repeat the experiment, keeping the two 
electrodes of S, a distance 2 mm apart instead of 10 mm. Fig. 6 shows the 
curve in this case (dots) as well as with 10 mm interpolar distance (circles). 
A change-over switch allowed us to obtain for each position of the cathode an 
excitability measurement with the two different interpolar lengths. With short 
interpolar lengths the excited node is affected by movement not only of the 
cathode but also of the anode. As the cathode approaches the node from the 
left, the anode on the right recedes and the excitability rises from both these 
causes. When the cathode has passed the node the excitability declines, but 
this is partly offset by the simultaneous recession of the anode. Thus comparing 
the circles and the dots of Fig. 6 we should expect that as we go from left to 
right the dots would rise more steeply and fall more gently than the circles. 
Not only is this seen to be the case, but a comparison of the positions of the 
peaks and the troughs reveals a feature which substantiates the difference in 
our interpretation. For the peaks are in the same position in curves (a) and 
(b)—as they must be if both represent the positions of the nodes of Ranvier. 
But the troughs are in different places and so they cannot be linked with any 
fixed feature of nerve structure. The shift is, however, exactly to be expected 
upon the interpretation given. : 

_ The dots in Fig. 5(6) show the results of performing the experiment upon 
@ nerve with epineurium intact but otherwise identical with the experiment 
of Fig. 5(a). With intact epineurium the variation of excitability from point 
to point is practically abolished. Rashbass & Rushton (1949c) found that the 
epineurium was a powerful potential barrier and that sharp potential changes 
outside were spread smoothly over several millimetres within. The sharp 
localization of the cathode in relation to the nodes could thus hardly be 
expected to appear if the epineurium were not first removed, and the uniform 
level of the dots of Fig. 5(b) entirely confirms this expectation. This very 
featureless uniformity provides a neat answer to the question raised earlier as 
to how much of the scatter in threshold among the « fibres is due to the random 
position of the nearest node relative to the cathode. For in an unstripped 
nerve the position of the node is practically without effect, as Fig. 5(b) shows. 
So the threshold scatter observed in the unstripped nerve must all be due to 
other causes. 

Experiment III | 

We are now in a position to describe and interpret the experiment mentioned 
at the outset of this paper, namely to find the relation between excitability 
and interpolar distance for a single fibre in the (stripped) nerve trunk. 
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First of all, measurements were made like those in Fig. 5(a), where the 
points of maximal excitability give the positions of the nodes. One electrode 
was then placed at one of these nodes and kept there for the rest of the experi- 
ment. The other electrode was shifted in steps of 0-25 mm, and for each position 
two threshold measurements were taken, one with the fixed electrode cathode, 
and one with it anode. The excitability (=reciprocal threshold) in each case is 
plotted in Fig. 7. 
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Fig. 7. Excitability-length curve. Abscissa, sneeinee distance (mm); ordinate, excitability. 
(a) the cathode is kept fixed on a node (dots show experimental measurements, lines give 
theoretical relation); (b) the anode is kept fixed on a node (circles show experimental 
measurements, dotted lines give theoretical relation). 

Now the theoretical relation when the cathode is fixed on a node is shown by — 
the continuous line of Fig. 11 in Appendix A (p. 104). It differs but slightly 
from the exponential excitability-length relation deduced from the simple 
cable theory. In fact, if we consider only the values where the anode also lies 
on a node, the points so considered fall exactly upon the exponential. The full 
curve is obtained by joining these nodal points by straight lines. 

The dots of Fig. 7(a) fall well enough upon such a set of chords to the 
exponential, but our precision is by no means sufficient to insist either upon 
chord rather than arc, or upon these chords rather than any others that might 
be selected. The thresholds with reversed current afford a powerful sub- 
stantiation for the particular chords selected. 

Fig. 11 gives the theoretical curve (dotted) to be expected when the anode 
is fixed on a node. The peaks show the points where the cathode is also at 
a node. At such points (from symmetry) the excitability must be the same 
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whichever the direction of the current, and hence at these points all three 
curves of Fig. 11 meet. It can be shown, moreover, that all the dotted lines 
have absolutely the same slope, namely 0-6 per internodal length. Thus the 
curves of Fig. 11 should account quantitatively for the experimental findings 
when scaled in units of internodal length, with no arbitrary constants 
at all. 

Now in Fig. 7(b) the experimental points are seen to conform fairly well to 
these theoretical expectations shown by the broken lines, and so the results 
may be used to justify the interpretation placed upon curve (a). For if the 
dots correspond to simple cable conditions, they should lie on a smooth 
exponential, and the circles should also lie on the same exponential, which 
latter is far from the case. If, on the other hand, current can only cross the 
sheath at the nodes and hence excitation is always nodal, then the circles 
should lie on the toothed. curve shown and the dots should lie on chords to 
the exponential. The particular chords are those which meet the exponential 
at points indicated by the up-pointing teeth. Obviously this is a better 
interpretation. 

The relation to multi-fibre response : 

The experiments just described show clearly enough that excitation occurs 
at the nodes of Ranvier in fibres left intact in the nerve trunk, just as it does 
in the isolated fibres of Tasaki and others. With this established we may now 
return to the fact with which this paper opened—that when (say) 4 maximal 
action potential is taken as the index of excitation of a nerve trunk, the results 
fit rather accurately the expectations of the simple cable theory. Clearly this 
does not mean that the current crosses the sheath equally readily at all points, 
for most of the current probably passes at the nodes. It must mean that in 
the population of nerve fibres whose summed response is observed, the average 
results turn out to fit the simple cable expectations pretty closely. In Fig. 8 we 
shall show how to construct the theoretical excitability length curve when 
a fraction 6 of the maximum action potential is used as index of excitability. 
‘It is assumed that the nerve fibres excited are from a homogeneous population 
with the position of their nodes randomly distributed, and that the myelin 
is a perfect insulator. The justification for the construction is given in 
Appendix B: here we simply state how to get the required curve, which is 
easy. 

(i) Mark off on the z axis, starting from 0, distances corresponding to 1, 2, 
3,...+, Internodal lengths. 

(ii) The upper curve OPAD is the theoretical curve of Fig. 7(a). Draw it 
as follows. At node 1 the curve is 0-4 below the horizontal line through 1. 
At node 2 it is (0-4)? below it. At node 1 it is (0-4)" below it. These points are 
- now joined up by straight lines. 

(iii) The dotted lines DCAB..., constitute the theoreticalcurve of 7 (0). 
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Draw them as follows. At every nodal point on the curve OPAD draw two 
lines, one parallel to PO and the other its reflexion in the vertical. 

(iv) Let these lines meet in B, C,.... Join O, B, C. Then, as we have seen 
in Fig. 7 (a), the curve OP AD is the curve for a single fibre, so 9, the fraction of 
the maximal action potential obtaining, is practically zero. It is shown in 
Appendix B that the curve OBC corresponds to the condition when every 
fibre is excited, thus @=1. 

(v) To obtain some intermediate value of 0 (say }), mark off on DC a point 0 
of the way down from D to C. Similarly on AC, AB,.... In each case the point 
is the fraction 6 of the way along the line. Then by joining up these successive 
points we obtain the theoretical excitability curve. : 
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Internodal lengths 

Fig. 8. Diagram to show how an excitability-length curve may be constructed for 
homogeneous multi-fibred population (see text). , 


This curve of course is not an exponential, but the true exponential which is 
represented by the series of dots could not be distinguished from it in our 
excitability measurements. This exponential has A of about 1-2 internodal 
lengths. So if we take the « fibres to have internodal lengths of 1:7 to 2 mm 
(see Fig. 4(b)), they should have a A of 2-05 to 2:4 mm. The values we found 
(1951) for A in the « group varied between 2:1 and 2:4 mm. Since A appears to 
be proportional to velocity, fibre diameter and internodal length (Rushton, 
1951), the fit seen above for « fibres will no doubt apply also to f and y. 

It is thus demonstrated not only that our exponential curve is to be expected 
from a homogeneous population of nerve fibres, but that the exact values of A 
can be derived from measurements on the single fibres. 
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In our earlier paper (1951) we performed the experiment of finding the excitability-length curve 
for the « fibres using as index of excitation 4, }, 4 and ? maximal action potential. The results 
were given in Fig. 4 of that paper, whence it appeared that the four sets of measurements when 
scaled to unity for great interpolar lengths coincided within a random scatter of 5% or less. The 
construction of Fig. 8 now permits us to calculate the relation to be expected. 

Instead of @ being } it is made in turn }, }, 4, 3, and the four curves so obtained are scaled 
vertically to reach unity for great interpolar lengths. The results show that the curve 0 =} lies 
about 5% above @ =} in the region 1-2 internodes (=2~4 mm) of electrode separation. The other 
curves are intermediate and the divergence is less at greater and less distances. This is not a bad 
correspondence between theory and observation, but a systematic divergence of 5% in excita- 
bility should have been observed. A possible explanation lies in the known fact that there are 
some nerve fibres intermediate between the main « and £ groups. When changing from } to } 
maximum « response, the increase of stimulus strength will bring in some of these smaller and 
higher threshold fibres as well as normal « fibres with remoter nodes. Thus the slight increase of A 
which we should expect from the construction of Fig. 8 may well be offset by the slight decrease 
introduced by these smaller fibres. 


DISCUSSION 
The results of the experiments quoted are pretty well consistent with the theory 
that current can only cross the nerve sheath at the nodes of Ranvier, and that 
the depolarization of some node must reach a critical level for excitation to 
occur. The simple and unifying nature of these results, however, must not be 
allowed to obscure two important qualifying considerations. In the first 
place, not all the nerve fibres studied behaved as those here described; in the 
second, the fact that perfect myelin insulation is consistent with these results 
does not prove that myelin is a perfect insulator. It is not. 

Though Expt. I could always be satisfactorily performed, it very frequently 
happened in Expt. II that there was great variation of excitability as 
electrodes were moved along the nerve. There is no difficulty in explaining 
away these variations as due to irregularities natural or introduced, but we were 
unable to decide which, if any, of such explanations were true, nor by practice 
to rectify matters. We incline to the belief that all fibres exhibit the essential 
excitability of the node (Expt. I), but that a proportion of the fibres do not, 
show the space distribution of excitability expected from the uniform electric 
field applied, because they are somewhat screened from that field by the 
wisps of perineurium which remain after the epineurium has been dissected 
away. | 

With regard to the insulation due to the myelin, however perfect this may 
be to direct current, there must certainly be the capacity currents inherent 
in the geometry of the nerve. These have been observed by electrical records 
(Huxley & Stampfli, 1949) and by excitability measurements (Tasaki, 1950). 
It is likely that in the present paper, where relatively long stimuli were used 
(05 msec), the capacity currents were small, for Tasaki (1939) found small 
variation in his tan 6 between stimulus durations of 0-4 msec and infinity, — 
and Lussier & Rushton (1951) found no change in A for durations greater than 


0-5 msec. But even if the myelin leak was everywhere as great as at the _ 
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themselves, it would only alter the theoretical straight lines of all our figures 
by the change seen in Fig. 11 (a) when chords become ares. Since then, what- 
ever the myelin leak, the results of our experiments would be practically the 
same, we have chosen for this paper to assume the insulation perfect, since this 
concept is simple and in our experiments probably not far from true. We have, 
however, worked out the case of steady current distribution when current 
leaks across the myelin as well as through the nodes, and we give at the end 
of Appendix A two formulae which will permit anyone interested to obtain 
the result for any given spatial conditions of stimulation. 

We were concerned to work out this more general case in order to satisfy 
ourselves that no gross errors were introduced by making the simplifying 
assumptions of this paper. That the error is appreciable but not great appears 
from the experiment of Fig. 7. According to the simplified theory, curve 7 (a) 
coincides with 7(b) for the first internode. Actually it was invariably found 
that (a) was more excitable than (6). This is easily understood if the myelin 
is leaky, for with cathode on the node and anode half an internode away, the 
myelin leak will permit more current to enter the nerve and leave by the 
cathode, so curve (a) should lie above the theoretical line. On the other hand, 
suppose the anode is on the node and excitation is due to the current leaving 
the nerve through the adjacent node and then passing back to the cathode 
situated in the mid-internode position. In this case the myelin leak will shunt 
the node to be excited and so curve (b) should lie below the theoretical line. 

It is probable that the systematic difference seen in Fig. 7 between circles 
and dots in the mid-internode is due to this cause and if so it will represent 
twice the size of the maximum error to be expected from using the simplified 
theory in the experiments of this paper. 

One can then deduce that for a 0-5 msec pulse a single node has the same 
resistance as a whole internode of myelin to radial currents, and this is equal 
to the resistance of two internodal lengths of axon to longitudinal currents. 


APPENDIX A 


DISTRIBUTION OF CURRENT IN A MEDULLATED 
NERVE FIBRE IN THE STEADY STATE 


Assumptions 

(i) The resistance of fluid on the outside of the fibre is small compared with 
that of the axis cylinder. 

(ii) The conductivity of the myelin sheath is negligible. 

(iii) Fibre diameter, internodal lengths, specific resistance, ete., are uniform 
along any one fibre. 

(iv) We may consider the current flow from the stimulus as determined 
passively by the application of Ohm’s law to the various parts of the circuit. 
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(v) For a given duration of stimulus, the necessary and sufficient condition 
for excitation is that the current leaving through some node should attain 
a critical value. 

Definitions 


=internodal length in.mm. 
= distance along the nerve. 
R=resistance at the node. 
r=resistance per mm of axis cylinder. 
p=resistance per mm of external fluid. 
U,,= potential outside nerve at z. 
V,,=potential of axis cylinder at z. 
=current flowing out through nth node, 
oc excitability of the nth node. 


The fundamental equation 
The current flowing out through the nth node 
n R lr 


(1) 


_ This is the finite difference equation analogous to the well-known second-order 


differential equation for the simple cable. 


U 
31 
le 
U=0 
Fig. 9. 


We require to solve for the case of a uniform field between two electrodes on 
the nerve and zero field beyond them. Consider first the case shown in Fig. 9, 
where U is zero to the left of z =0, and increases at the rate of pI per internodal 
length to the right. This is the case where the cathode is at 0, the anode far 
to the right and a current J passed between them. 

2<0, U=0; 
z>0, U=plz. 
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We wish to find y,,, the current exciting the nth node, and we proceed to show 

that 3 
forn< (2) 

forn>0 | 


will satisfy all the conditions for a particular value of A and of « which must 
be independent of n. 
We note that is zero at +00 and that 4)=A in both ranges. 
Applying now eqn. (1) in the range n>0, 
U,=pull ’ 
therefore V,=pnll +RAa, 


therefore («-2+2). (3) 
The result for the range n<0 is obtained by substituting in the foregoing 
I=0 and «=1/a, and so we again obtain relation (3). If therefore « satisfies (3) 
it will also satisfy (1) for all values of n except n=0. 
In that case (1) becomes 


A =RA(a-! —2 +071) +pll; 
therefore 


which determines the value of A. 

We conclude that the excitability of each node in the present case is given 
by eqn. (2), where the values of « and A are given by eqns. (3) and (4) 
‘respectively. 

Two poles 


In order to generalize the foregoing results to any case of dipolar stimula- 
tion we may first observe that the values of U only at the nodes contribute to 
our analysis. Since the myelin is assumed a perfect insulator, internodal 
values of U cannot affect the current distribution in the nerve. In the second 
place we may note that the —— theorem applies to all these 
conditions of current flow. 

Consider the case of four electrodes applied to the nodes as shown dotted in 
Fig. 10. The two cathodes are at nodes number 0 and 1 carrying currents 
(1—a)/ and al respectively, and the two anodes are at nodes number n and 
+1 carrying currents (1—6)Z and 6J respectively (where a, b are fractions 
lying between 0 and 1). It may readily be seen that the potential of every 
node in this system is the same as in the case of the lower dipolar electrodes, 
each of which carries a curent J, the cathode situated a fraction a of an 
internode to the right of node 0, the anode a fraction b to the right of n. . 
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The excitability at node 0 due to this lower pair of electrodes may thus be 
written down at once by applying formula (2) to the equivalent four upper 


electrodes, making use of the superposition theorem to add the cathodal 
effects and subtract from this the anodal effects. 


= (1 —a) +a/a—(1—b) — ba--1, (5-0) 
A is made 1 so that # is scaled to 1 when n=00, a=0. Also at node 1 


(1 al bI 
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Fig. 10. 


Excitation will occur at node 0 or 1 whichever has the greater excitability. 
A relation of interest is when the cathode is fixed at node 0 and the anode 
moved at various distances (Expt. III). The excitability at the cathode is 
given by eqn. (5-0) with a put zero. . | 

= 1—a-" (1—b + b/a). 
When the anode is on the rth node, has the value obtained from (6) by putting 
n=r, b=0 or n=r—1, b=1. They both give ¢=1—«~*. Thus points 0, 1, 2, 
8,..., » lie on an exponential curve (Fig. 11(a)). When the anode lies to the 
right of the mth node a fraction b< 1, there is a linear relation between ¥ and 6 
as appears from eqn. (6). Thus the undotted curve (a) in Fig. 11 consists of 
points 0, 1, 2, 3, ..., lying on an exponential, and the chords joining successive 
points. 
If, on the other hand, the anode is fixed on the node and the cathode is 
moved, quite a different relation appears, the dotted line (b) in Fig. 11. In this 
case 6 is zero and (5-0) and (5-1) become 


=1—a-" —a (1 —1/a), (7-0) 
| (7:1) 
When the cathode lies on a node so that a is 0 or 1 we naturally obtain 


points 0, 1, 2, 3,..., again. Now 3 
= -(1-2), + (1-2); (8) 
oa oa 


hence as the cathode moves from any node in either direction the excitability 
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falls off along a straight line of gradient +(1—1/x). Since the threshold is 
always given by the most excitable node in each circumstance the excitability 
curve (6), Fig. 11, involves only the upper portions of the intersecting lines. 
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Fig. 11. The theoretical curves of Fig. 7, the excitability-length relation. 
Leaky myelin. 


If the myelin is supposed not to be a perfect insulator then the regions 
between one node and the next will obey the simple cable relations, where the 


space constant has some value yp. 
U 
pl a (m+1)l 
Fig. 12. 


The mathematical treatment in this case is very much harder than the 
foregoing, and we simply state the solution of a particular and useful example. 
This is shown in Fig. 12, where one electrode is placed at x which lies between 
nodes.” and ” + 1 and the other electrode is far away. The excitability of node p 
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Similarly, 


where B+1/B=2 cosh sinh (9-3) 


As an example of how this formula may be used, let us consider the ex- 
citability-length curve where the cathode i is placed on node zero, and the anode 
at some point 7. 

We find the excitability at node zero first due to the cathode there, by 
putting in (9:1) 0=p=n=z. From this we subtract the effect of the anode 


at 2, by simply putting p=0 in (9-1). 


We thus obtain 
which is the required solution. If the nodes are completely non-leaky this 
should reduce to the simple cable exponential. Putting R =o in (9-3) gives 
Introducing this into (9-4) results in the expected 
Wo =] =] 
If, on the other hand, the myelin is completely non-leaky, eqn. (9-4) should 


reduce to eqn. (6) obtained above on this assumption. Putting ~= 00 in (9:3) 
and noting that in this case 


p sinh 
we obtain from (9-3) and (3) that B=a. Noting also from Fig. 10 with a - 
zero that x=(n+6)1, we may substitute in (9-4) and obtain : 

[1—b + b/a] (6) 
as expected. 


APPENDIX B 


EXCITABILITY-LENGTH RELATION USING A FRACTION 6 
OF THE MAXIMAL ACTION POTENTIAL AS INDEX 


Assumptions 

There is a homogeneous population of nerve fibres whose nodes are randomly 

distributed in position so that their population density may be assumed the 
same everywhere. 

Proof 

The adtecinn which are situated a distance x apart (Fig. 10) will excite 

some fibres at node 0 (in the extrapolar stretch) and some at node 1 (in the 

interpolar stretch). 
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Let the given stimulus 1// be just threshold at node 0 for a fibre where 
@=dy. Then from (5-0), rearranging the terms, we have 


tap], (10-0) 
where z=(n+b)—ay) 1. (11-0) 


Similarly, for the fibre which is just excited at node 1 by this same stimulus 
we have, from (5-1), 


+ (1—1/a) (10-1) 
where 2=(n+6,—a,)l. (11-1) 


From (10-0) and (11-0) it follows when z is kept constant that 0//0a, is always 
negative, unless » is zero. In that case #, is the same for all values of a, and 
@ may be defined as the greatest a admissible (=1-—z). Hence, whatever n, 
the stimulus 1/ will excite all fibres with a <a, and (at node 0) none with a > ap. 
Similarly, 0s/0a, is always positive and so all fibres with a>a, will be excited 
at node 1. It thus appears that if a,<a, the fraction of nerve fibres excited 
by the stimulus 1/ is | 
6=1—@, +a). (12) 
In particular, when a,=a, as at the lowest points of the curve Fig. 11(5), all 
the fibres are excited and 
(13) 


Now to find the curve relating % and z for any value of @ it is convenient to 
perform the whole analysis, not in terms of the variables yf, ap, a,, bo, 5,, 9, 2, 
but in terms of their partial derivatives with respect to x, which may be written 


by, b,, 9, 1. 
The equations (10-0), (10-1), (11-0), (11-1), (12) respectively become 
p=(1—1/a) +a-"by], (14-0) 
=(1—1/a) +a!-"6,], (14-1) 
1/l=b) =6, —@,, (14-2) 
0=4,—a,. (14:3) 


These five equations are linear in 6 variables with constant coefficients. If 
we introduce one more such equation we can solve for any variable in terms 
of the constants. For instance suppose 6, =0, then 6,=0 is such an equation. 
The condition is when the anode is upon a node and excitation occurs at the 
_ extrapolar node 0. We have seen that the relation (x, ) is given by the lines in 
curve (b), Fig. 11, which have a positive gradient, such as AB, Fig. 8. That 
AB is a straight line is confirmed from (14) since we obtain y=constant. More 
important is the result @=constant. This means that @ changes at a uniform 
rate along the line AB. @ is zero at A where only a single fibre is excited, and 


2 
a 
f 
| 
| | 
A | 
aka 


SINGLE FIBRE EXCITABILITY IN NERVE TRUNK 107 
it is unity at B as we saw above, eqn. (13). Thus if 6=} it will lie on AB, 
} of the way from A to B. 

If instead of 65=0 we have b,=1 (therefore 6, =0), we obtain exactly the 
same relation along the other set of dotted lines such as AC, Fig. 8. Thus for 
any given value of =0, the position (z, y) is given on all the dotted lines AB, 


AC, ete., by points 4 of the way from A to B and Ato C. In the region BAC 


the relation (x, #) is linear. For we may add to (14) the relation 0 =4,, therefore 
6=0 and obtain =constant. 

Now since the line AC was defined by the relation 6,=1, we cannot cross 
it and enter into the region ACD without modification of (14) otherwise 
b,>1. But the only change required is to write --n for 1—n in (14-1). In 
conjunction with =0 we again derive J=constant for the region ACD. 

_ So the excitability-length curve is completed simply by joining with straight 
lines the points previously found upon the dotted curve BACD.... 


SUMMARY 

1. A simple method is described for studying the excitability of a single 
nerve fibre in an undissected nerve trunk. 

2. This method is used to answer the question: ‘Is a nerve fibre in situ 
excitable only at the nodes? If so, why does the space distribution of excita- 
bility fit so well the expectations derived from a simple (unsegmented) cable? 

3. When a nerve is stripped of epineurium and stimulated through a 
cathode with an earthed anode very close on each side, it is found that excita- 
tion occurs only at certain points on the fibre (Fig. 4), apparently when the 
cathode lies over a node. | 

4. The curve between excitability (=1/threshold) and the position of the 
two electrodes in relation to the nodes has been investigated for a number of 
conditions. In Figs. 5-7 are shown experimental points, and the theoretical 
lines calculated on the assumptions that current can enter or leave the axis 
cylinder only at the nodes. The fit is adequate. | 

5. Appendix A derives the theoretical expectations. Results (but no 
working) are also given for the far harder case where the myelin is assumed 
leaky. 

6. When a multi-fibre response (e.g. maximal action potential) is used as 
index of excitation, the fibres involved have nodes at various distances from 
the cathode. In Appendix B it is shown that the excitability-length relation 
of the group is almost identical with the result derived from the simple cable 
theory. 

7. te is concluded that medullated nerve fibres in situ are only excitable 
at the nodes. The space relations of excitability can be predicted closely from 
the assumption that the current only enters and leaves through the nodes. 
Multi-fibre responses statistically obey the simple cable excitability relations. 
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SPONTANEOUS SUBTHRESHOLD ACTIVITY AT 
MOTOR NERVE ENDINGS 


By P. FATT anp B. KATZ 
From the Biophysics and Physiology Departments, University College, London 
(Received 5 December 1951) 
The present study arose from the chance observation that end-plates of resting 


- muscle fibres are the seat of spontaneous electric discharges which have the 


character of miniature end-plate potentials. The occurrence of spontaneous 
subthreshold activity at an apparently normal synapse is of some general 
interest, and a full description will be given here of observations which have 


_ been briefly reported elsewhere (Fatt & Katz, 19502). 


METHOD 
The intracellular recording technique (Ling & Gerard, 1949; Nastuk & Hodgkin, 1950) was used 
in most experiments, confirmatory evidence being obtained with external recording in a few cases. 
The adaptation of the microelectrode technique to a study of the motor end-plate has been 
described in detail in a previous paper (Fatt & Katz, 1951). 

The preparation was the m. ext. longus dig. IV and m. sartorius of the frog. In a few experi- 
ments, limb and abdominal muscles of lizards (Lacerta dugesii) and tortoises (T'estudo graeca) 
were used, 

RESULTS 
Preliminary observations 

In the course of some earlier work, while recording from the surface of isolated 
muscle fibres, we occasionally noticed a spontaneous discharge of small mono- 
phasic action potentials. The potentials varied somewhat in size, but had a 
very consistent time course, rising rapidly in 1-2 msec, and declining more 
slowly, to one-half in about 3-4 msec. They were localized at one region of the 
fibre, and in their shape and spatial spread resembled the end-plate potential 
(e.p.p.) (cf. Eccles, Katz & Kuffler, 1941; Fatt & Katz, 1951). Moreover, the 
discharge disappeared when a moderate dose of curarine was applied to the 
muscle. 

Not much attention was paid to the phenomenon at the time, and it was 
suspected to be due to a local injury discharge at the nerve endings, the axon — 
having been cut-close to the muscle fibre. In more recent experiments, how- 
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ever, we observed the same phenomenon in nerve-muscle preparations which 
seemed to be above any such suspicion, and this induced us to examine the 
nature of the discharge in detail. 


Localization of the spontaneous discharge at the end-plate region 
The formal resemblance of the spontaneous discharges to the e.p.p. suggests 
that they originate at the nerve-muscle junction. This is not by itself critical 
evidence, for any brief disturbance of the muscle membrane—anywhere along 
the fibre—would be followed by a local potential change similar in time course 
and spatial spread to the e.p.p. (see Eccles et al. 1941; Katz, 1948; Fatt & Katz, 
1951). A more decisive point was that the discharge could never be seen at 


Fig. 1. Localization of spontaneous activity. M. ext. 1. dig. IV. Intracellular recording. Part A 
was recorded at the end-plate, part B at a distance 2 mm away, in the same muscle fibre. 
The lower part, taken at high speed and low amplification, shows the response to a nerve 


stimulus (shock applied at beginning of sweep); the upper part, taken at low speed and high 
amplification, shows the spontaneous activity at the end-plate. Voltage and time scales: 
50 mV and 2 msec for the lower part, and 3-6 mV and 47 msec for the upper part. 


nerve-free regions of the muscle fibre, and whenever the test was applied, its 
place was found to coincide exactly with that of the e.p.p. An example of this 
is shown in Fig. 1, where the response to a nerve impulse is recorded, together 
with the subthreshold activity, at two different points of a muscle fibre. The 
spontaneous discharge was seen at the ‘end-plate’, where the e.p.p. is large 
and the muscle spike originates, but not at a distance of 2 mm where the e.p.p. 
is small and the spike appears after a delay due to muscle conduction. In other 
experiments a large number of end-plates were mapped out in a curarized 
muscle, in the manner previously described (Fatt & Katz, 1951), and after 
removal of curarine the end-plates as well as nerve-free portions of the fibres 
were explored, by observing the membrane potential for periods of about 
10-15 sec with high amplification. Experiments of this kind indicated that 
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the majority of the end-plates in normal, resting, muscle fibres of the frog are 
the seat of spontaneous miniature e.p.p.’s. 

The term ‘normal fibres’ should perhaps be qualified, as we have studied the 
phenomenon only in isolated tissue. But it was seen in every (except de- 
nervated) muscle, and in fibres whose Rites action and end-plate potentials 
would be considered as ‘normal’. 

It might be argued that, by inserting a saliulaeteetia at the end-plate, the - 
nerve endings may be damaged or stimulated mechanically, and that this 
would lead to the observed local activity. This argument, however, is answered 
by the following finding: in many muscle fibres the occurrence of a spontaneous 
discharge was first detected at a distance of 1-1-5 mm from the end-plate, and 
only later was the electrode placed at the focal point where the potential 
changes were largest. Clearly, the miniature e.p.p.’s were present before the 
microelectrode approached the nerve endings sufficiently closely to be able to 
injure them. Damage to the nerve endings has apparently some potentiating 
effect (see p. 122 below), but it cannot be ‘Tegarded as the cause of the 
phenomenon. 


Size and frequency of miniature pone potentials 
The amplitude of the miniature discharges varied from one fibre to the next, 
and even at a single end-plate the sizes of individual discharges were scattered 
over a fairly wide range around the mean (Fig. 13). Their order of magnitude 
was 0-5 mV (or approximately 1/100 of the size of the normal e.p.p., Fatt & 
Katz, 1950a, 1951). There were some differences between the two muscles 


Fig. 2, Example of miniature e.p.p.’s in 4 muscle treated with 10~* prostigmine bromide. 


which we studied most extensively: the potential changes were usually larger 
in the m. ext. 1. dig. IV than in the sartorius, where they sometimes barely 
exceeded 0-1 mV. The largest individual amplitudes were obtained in prostig- 
mine-treated muscle (Fig. 2, up to 3 mV), and much higher levels occurred 
during temporal summation of several discharges (cf. Fig. 8). 


3 
7 
4 
: 
od 
a 
4 re 
4 


112 | P. FATT AND B. KATZ 


During any one experiment on a given end-plate, the mean amplitude 
remained fairly constant. The mean frequency, however, was unstable and 
subject to progressive change. In different fibres, often from the same muscles, 
frequencies varied over a thousand-fold range (between about io per sec and 
100 per sec, at a temperature of about 20° C). The intervals between successive 
discharges, at any one end-plate, varied in.a random manner which will be 
analysed in some detail below. ad 


~ 


2 ~ 


Fig. 3. ‘High-frequency’ discharge, recorded from the same end-plate as in Fig. 1, during a later 
stage of the experiment. A: microelectrode inside the fibre; B: microelectrode on the surface 
contacting an active patch (see text). Note: the polarity of the deflexion reverses when the 
electrode is on the outside. Scales: 1. mV and 50 msec. 


Actwwe spots in the end-plate surface 

The results hitherto described were obtained with an intracellular electrode, 
with which the p.d. across the muscle fibre membrane was recorded. On a few 
occasions it was possible to locate one or two discrete spots on the fibre surface 
from which miniature e.p.p.’s of as much as 1-2 mV amplitude could be 
recorded externally, i.e. without penetrating the fibre and recording the resting 
potential. The discharges so recorded (e.g. Figs. 3-5) differed in certain respects 
from the ‘internal’ potential changes: (i) Their polarity was reversed, the 
microelectrode becoming negative with respect to the bath (with the electrode 
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Fig. 4. ‘Internal’ and ‘external’ records. A—C: examples from three different end-plates (all from 
prostigmine-treated muscle). A 1: internal recording, with a 1 mV calibration step. A 2 and 3: 
external recording at two different spots on the same end-plate. B and C: external records 
from other end-plates. 


Fig. 5. External records from & single spot, using fast time base. 
Voltage scale: millivolte. Time: 50 c/s. 


0 : 10 15 msec 
Fig. 6. Time course of internal and external miniature potentials taken from the experiment of 
Figs. 1 and 3. The two curves have been drawn to the same maximum, disregarding the 


opposite polarity of the records. 
PH. CXVII. 8 
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inside the fibre, a steady resting potential of about 90 mV is obtained which 
diminishes during a discharge, i.e. the internal microelectrode becomes less 
negative). (ii) The localization of the external miniature potentials was 
extremely critical, the whole phenomenon vanishing when the microelectrode 
was moved some microns along the fibre surface. (iii) The external miniature 
-e.p.p.’s had a very brief time course. For example, in the experiment of 
Figs. 3 and 6, the duration of rise and fall of the potentials was only about 
one-fifth of that internally recorded, and the decline terminated sharply giving 
the potential a characteristic ‘triangular’ shape. (iv) The size and frequency 
pattern of the external potentials was often quite distinct from those recorded 
internally, at the same end-plate. In Fig. 4, for instance, a few large discharges 


Fig. 7. Diagram to GF secorded dleshecge. 


are seen with the external electrode, their amplitude being more uniform and 
their recurrence rate much less than observed with the electrode inside the 
fibre. In other experiments, a few external potentials of large size were found 
to stand out among the remainder of the discharge which consisted of minute 
potentials more or less merging into the base-line noise. 

It appeared in these cases that, with the microelectrode on the surface of the 
fibre, the recording of miniature e.p.p.’s became much more ‘selective’ and 
that all but a few active points of the end-plate, in closest proximity to the 
electrode, were ‘rejected’. The diagram in Fig. 7 indicates a simple way of 
explaining the features of the external records. There are presumably a large 
number of active spots distributed within the end-plate surface at which 
individual units of the spontaneous discharge originate. With the electrode 
inside the fibre, the discharges of all these units are recorded without much 
_ discrimination, the separation of the active points being much less than the 
length constant of the fibre. But when the microelectrode is in the outside 
. bath, no electric activity is seen unless the electrode tip happens to be placed 
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directly over one, or a few, of these active patches, in which case a relatively 
large external p.d. may be recorded from these units alone. This p.d. arises 
from the flow of current across the end-plate membrane and in the external 
fluid immediately surrounding the electrode tip, and the time course of these 
local currents (and therefore of the externally recorded potential) is consider- 
ably more rapid than that of the underlying membrane potential change (cf. 
Lorente de N6, 1947; Fatt & Katz, 1951). 

Finally, it might be questioned whether we are justified in attributing the 
external records to potential changes in the end-plate membrane (i.e. in the 
muscle), rather than to ‘presynaptic’ changes in the nerve endings. The fact 
that a moderate dose of curarine abolishes ‘external’ as well as ‘internal’ 
miniature potentials, strongly indicates that they both arise ‘ post-synaptically’, 
in the end-plate. 


Effect of curarine and prostigmine 

The effect of these drugs on the e.p.p. is well known (Eccles et al. 1941) and 
forms an important part of the argument that the e.p.p. is due to a reaction 
between acetylcholine and the motor end-plate (Dale, Feldberg & Vogt, 1936). 
The spontaneous discharges are affected in the same manner: they are greatly 
reduced in size by curarine, and increased in amplitude and duration by 
prostigmine. A subparalytic dose of curarine (D-tubocurarine chloride 5 x 10-7) 
reduced the mean amplitude to about one-half, and after doses exceeding - 
10-*, the miniature discharges could no longer be seen. A concentration of 
4x 10~* has previously been found to diminish the e.p.p. to between } and } 
(Fatt & Katz, 1951). A proportional effect would reduce the miniature poten- 
tials to little more than the noise level of the apparatus. 

The effect of prostigmine is illustrated in Fig. 8. The increase in amplitude 


and duration resembles qualitatively that observed with the e.p.p. However, 


the effect shown in this figure is not as striking as the dramatic lengthening of 
the e.p.p. in the non-curarized state (Eccles, Katz & Kuffler, 1942; Fatt & 
Katz, 1951). 

The prostigmine action had some interesting corollaries: (i) Successive 
miniature potentials summed to a higher level and occasionally gave rise to 
muscle impulses. (ii) The miniature e.p.p.’s, being larger and longer than in 
normal muscle, have a more effective electrotonic spread. This enables one to 
see the discharges at a distance of a few millimetres from the end-plate and 
makes their detection much easier. 

It might appear from Fig. 8 that prostigmine increased the frequency of the 
discharge, but we were unable to find a statistically significant effect on 
frequency of either prostigmine or curarine (5 x 10-’) in several other experi- 
ments. 
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| The effect of denervation 
The preceding experiments show that the spontaneous discharges are 
localized at the end-plates of resting muscle fibres. The time course of the 
individual potential indicates that it is due to a brief, impulsive, disturbance 


Fig. 8. Effect of prostigmine on the size and time course of the miniature e.p.p. A-C: three 
different end-plates (A and C from m. ext. 1. dig. IV, B from sartorius). 1: in normal Ringer; 
2: after addition of 10~* prostigmine bromide. (In C 2, potential changes of slow rise can be 
seen, beside those of the usual rapid rate of rise. This was observed in several other experi- 
ments (cf. also Fig. 9B), and is presumably to be explained by electrotonic spread from an 
accessory end-plate on the same fibre.) Arrows indicate 1 mV scale and 20 msec (50 c/s). 


of the membrane similar to the e.p.p., and the effects of curarine and prostig- 
mine suggest that both arise from the action of ACh. A simple picture would 
be that at each nerve-muscle junction, the nerve terminals contain a large 
number of discrete ‘active spots’ at which ACh is released. The miniature 
potentials would be due to an asynchronous, spontaneous, activity of individual 
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spots, while the e.p.p. is due to a synchronous discharge of the whole apparatus. 
The e.p.p. could thus be regarded as the sum of miniature potentials produced 
by all the units. 

While it seems very probable that the miniature e.p.p.’s are due to local 
discharges of acetylcholine, it may be questioned whether these discharges 
originate in the nerve endings. It would be conceivable, for instance, that — 
stray amounts of ACh are released from vascular tissues surrounding the muscle 
fibres. Pertinent evidence on this matter was obtained by studying denervated 
muscles. The sciatic nerve of one leg was severed, and the frogs kept at room 
temperature. The two m. ext. long. dig. IV were isolated and tested more than 
2 weeks later. Denervated frog muscle is known to become sensitized to ACh, 
while its nerve endings degenerate within a few weeks and lose their capacity of 
building up and releasing ACh (cf. Feldberg, 1943, 1945). The experimental 
result was clear: muscles whose nerves had been cut 2-3 weeks previously 
showed no miniature e.p.p.’s, while they were readily seen in the innervated 
companion muscles. The effect of denervation thus strongly supports the view 
that the discharges are due to a release of small quantities of ACh from func- 
tioning nerve terminals. 

After more prolonged denervation, fibrillation gradually developed (cf. Reid, 1941). This was 
seen in only a few fibres of any one muscle, and in some experiments very infrequent subthreshold 
potential changes were observed in denervated muscle which may have been precursors of fully 
propagated fibrillation. These phenomena were too infrequent for any detailed study, but we 
noticed that the amplitude was highly variable (from less than 1 up to 10 mV) and the duration 
of the local potential change more prolonged than that of the miniature e.p.p.’s on the normal 
side. Moreover, the local changes as well as the fibrillation in denervated muscle seemed to be 
unaffected by curarine and prostigmine, and, in further contrast to the miniature e.p.p.’s (p. 120) 
were abolished by a small increase of calcium concentration (from 1-8 to 3-6 mm). 


Can the miniature discharges be attributed to molecular leakage of 
acetylcholine from nerve endings? 

ACh is synthesized continually by cholinergic nerves and nerve endings 
(Feldberg, 1945), and there is probably a slow continuous leakage of ACh 
molecules from this reservoir. The question arises whether such a leakage, i.e. 
a random collision of individual molecules of ACh with the end-plate, could 
produce the miniature e.p.p.’s. It would be difficult to explain the effect of 
prostigmine on such a ‘single-molecule’ hypothesis, but there are two more 
cogent arguments which indicate that the miniature potentials must be due 
to the synchronous release of a large number of acetylcholine molecules and 
cannot be explained by a mechanism of simple molecular diffusion. 

(i) The quantity of ACh released by an impulse at one end-plate has been 
estimated (cf. Acheson, 1948; Rosenblueth, 1950) as being of the order of 
1-5 x 10-1%g or about 10® molecules. This value was derived from perfusion 
experiments with prolonged stimuli, in which large losses must have occurred, 
and the true amount released locally during the first impulse was presumably 


a 
: 
4 
q 
| 
= 
“a 


118 P. FATT AND B. KATZ 


much larger. But even if we accept this estimate, the amount responsible for 
a miniature e.p.p. would be of the order of 1/1000-1/100 of that for an e.p.p., 
which is still an aggregate of thousands of ACh molecules. 

(ii) If the miniature discharges were to be regarded as the local depolarizing 
effect of individual ACh molecules then, by the same argument, the application 
of ACh in solution should greatly increase the frequency of the miniature dis- 
charges; in fact, the steady depolarization which is produced by applied ACh 
would have to be regarded as a fusion of miniature e.p.p.’s, like the fusion of 
twitches in a tetanus. 

This conclusion, however, is contrary to our observations. A moderate con- 
centration of ACh (5 x 10-8, with 10~* prostigmine bromide) which depolarized 
the end-plates by a few mV, did not appreciably alter the frequency of the 
- miniature discharges. The only noticeable change was a slight reduction of 
amplitudes, similar to the reduction of the e.p.p. observed at depolarized end- 
plates (Nastuk, 1950; Fatt & Katz, 1951). These results seem to us to be 
incompatible with the suggestion that the miniature potential might be attri- 
buted to the action of one (or very few) ACh molecules; if individual molecular 
collision between ACh and the end-plate builds up a steady depolarization 
then the molecular units of this depolarization must be much smaller than the 
recorded miniature e.p.p. 


Miniature end-plate potentials and spontaneous excitation at 
motor nerve terminals 

On the basis of the preceding argument it can be said that a miniature e.p.p. 
is due to a spontaneous momentary release of many molecules of ACh from 
a small area of the motor nerve endings. The quantity may be estimated as 
being rather less than 1/100 of that during the transmission of a motor nerve 
impulse. Successive miniature e.p.p.’s are of uniform shape, though of variable 
amplitude (Fig. 13) and follow one another in a random sequence (p. 122). 

Suppose the motor axon has about 100 branches, or alternatively, that there 
are within the terminal area some 100 discrete ‘patches’ concerned with the 
release of ACh. If these terminal structures have a special tendency to spon- 
taneous excitation, then our observations would be easily understood. It has 
been pointed out (Fatt & Katz, 1950a) that spontaneous excitation might 
simply be the result of excessive voltage noise across the nerve membrane, and 
that this noise level is likely to be largest at the smallest nerve endings. This 
idea, which was originally suggested to us by Mr A. L. Hodgkin, is discussed 
more fully below. Whether it provides the complete explanation or not, the 
present experiments make it very likely that spontaneous excitation at in- 
dividual motor nerve endings does occur and that it is the immediate cause of 


the miniature e.p.p.’s. In addition to the above results, the following observa- 
tions are of interest in this connexion. 
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(i) Agents which are known to abolish electric excitation also extinguish the - 
spontaneous discharge. Thus, the miniature e.p.p.’s cannot be seen in sodium- 
free solutions (made by substitution of isotonic sucrose), or in Ringer solution 
to which a small dose of a local anaesthetic (0-01 novocaine) has been added. 
Partial withdrawal of sodium (see below), or low concentrations of novocaine 
(0-001-0-002%) cause the amplitude of the miniature potentials to diminish. 
These results are interesting, though not unequivocal, for withdrawal of 
sodium has, and application of novocaine may have, some curare-like 


action on the end-plate (Fatt, 1950), quite apart from affecting nerve 


excitability. 


Fig. 9. Effect of Ca-lack. A-C: three different experiments. Muscles soaked in reduced (}) Ca 
concentrations; in B, prostigmine bromide 10~* was present. Note: the records in A and the 
three top records in C were single sweep records. All other records were obtained with multiple 
sweeps repeated at about 1 per sec, during each of which the nerve was stimulated (at the 
instant marked by an arrow), though there was not always an end-plate response (B). The 
top record in A, and the three top records in C show spontaneous discharges only. All other 
records show ¢.p.p. responses to nerve stimulation, varying in step-like manner between zero 
and a few millivolts (e.g. B, bottom record). In some records (in A and C) spontaneous dis- 
charges are seen on the same sweep, immediately before or after the e.p.p. response. For 
comparison with the effect of Ca-lack, the relative constancy of the e.p.p. response in a 
curarized fibre is shown in D (5 x 10~* p-tubocurarine chloride; three successive records, each 
with three superimposed sweeps). Volt scale: millivolts. Time: 50 c/s. : 


(ii) A curious effect was observed when reducing the calcium concentration. 
This causes the size of the e.p.p. to diminish without affecting the size of the 
miniature potentials. With a sufficiently low calcium level, the response to a 
motor nerve impulse may be no larger than a single miniature e.p.p. In this 
condition, successive nerve impulses evoke a random display of minute e.p.p.’s 
whose sizes vary in a step-like fashion, seemingly corresponding to multiples 
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of a miniature discharge (cf. Fig. 9 B, bottom record, where steps of 0, 1, 2 and 
3 can be recognized). In the experiment of Fig. 9 B, 328 strong shocks were 
applied to the nerve, 188 of which failed to elicit an end-plate response. Of 
the observed 140 e.p.p.’s, 100 had an amplitude which was within the 
range of the spontaneous miniature potentials (mean of 33 spontaneous dis- 
charges: 0-87 mV, standard deviation + 0-18 mV), while the residual 40 e.p.p.’s 
were greater (up to 2:92 mV) and presumably represent responses of two or 
three miniature units. The contrast between this behaviour and the relatively 
constant response of a deeply curarized muscle fibre is illustrated in Fig. 9 
(A-C with low calcium, D with curarine). The experiment throws some new 
light on the action of calcium at the nerve-muscle junction: lack of calcium 
apparently reduces the e.p.p. in definite ‘quanta’, as though it blocks in- 
dividual nerve terminals, or ‘active patches’ within them, in an all-or-none 
manner. The normal e.p.p. can be seen, as in Fig. 9 A-C, to break down into 
individual miniature units. Conversely, it may be said that an individual 
spontaneous discharge does not differ, in appearance, from the response of a 
terminal unit to the motor nerve impulse. — 


| The effect of sodium and calcium ions 

Variations of Na or Ca concentrations have very similar effects on the e.p.p. 
(Fatt & Katz, 19506; Castillo-Nicolau & Stark, 1951). With both ions the 
e.p.p. decreases as the concentration falls, the relation being approximately 
proportional over a certain range. 

The effects of these cations on the miniature potentials, however, are different: 
the size of the miniature e.p.p. falls as the Na concentration is lowered, but 
it is independent of Ca concentration (see preceding section). For example, 
a reduction of Na concentration to one-quarter diminished the mean size of 
the miniature e.p.p.’s in one experiment from 2-28 + 0-05 to 0-82+0-03 mV, 
in another experiment from 0-72 + 0-03 to 0-31+0-01 mV (prostigmine being 
used throughout). The average reduction of the mean amplitude in several 
experiments with one-quarter Na was to 0-4, while the resting potential 
remained constant, at about 90 mV. 

A reduction of Ca concentration to one-quarter had no significant effect, the 
mean size of the miniature potentials increasing, on the average to 1-01 (s.r. 
of mean of five experiments was +0-02). A fourfold increase of Ca concentra- 
tion produced a small diminution of the miniature ponent, on the average 
to 0-89 (s.E. + 0-02, five experiments). 

There are reasons for supposing that both species of cations play a specific 
part in the release of ACh from active nerve endings, and the present observa- 
tions are likely to be relevant in this connexion. A full discussion of this matter 
will be deferred until a later paper. 


_ As regards the mean frequency of the spontaneous discharges, Na and Ca 
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have no clear-cut effect. In some experiments lack of Ca reduced the mean 
frequency appreciably, but the effect was not consistently observed, and in 
several later experiments, no change was seen. Lowering the Na concentration 
to one-quarter did not significantly alter the recurrence frequency. 


Agents which have a pronounced effect on the recurrence frequency 
The changes in the spontaneous discharge which have been described con- 
cerned the size of the miniature potentials, while little or no effect on the mean - 
frequency was found. Because of its gradual uncontrolled variations, the 


frequency cannot be measured accurately 
over a long period, and it is only 
possible to look for gross changes. 

Of the various agents studied, changes 
of temperature and of osmotic pressure 
were found to produce marked effects 
on the frequency of the discharge. 

Temperature. In these experiments, 
the bath was replaced at intervals by 
Ringer’s solution of different temperature 
(varying between 8 and 25° C), and 
records of spontaneous discharges were 
obtained from a number of initially 
located end-plates. The frequency in- 
creased with temperature, corresponding 
to a positive temperature coefficient with 
& Q,. of about 3. It should be noted that 
we have only studied the steady effect ; our 
procedure did not allow us to observe 
initial transient changes which might 
conceivably have a different, or even a 
negative, temperature coefficient (see 
Sand, 1938). 

Osmotic pressure. The most dramatic 
effect was observed when the osmotic 
pressure of the bathing fluid was changed 
(cf. Fig. 10). The addition of a small 
quantity of sucrose or NaCl to the bath 
causes a striking increase in the fre- 
quency of the discharge, and conversely 


dilution of the Ringer’s fluid reduces 


Fig. 10. Effect of osmotic pressure on dis- 
charge rate. A and C: normal Ringer, 
before and after applying (in B) a 50% 
hypertonic solution. Scales: 1 mV and 
0-1 sec. 


the frequency. For example, a 50% increase of tonicity (by addition of 


sucrose) was followed by a reversible 45-fold increase of discharge frequency 
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(from 2 to 90 per sec). In other experiments, raising the osmotic pressure by 
30% caused the frequency to increase from 15 to 150 per sec, and lowering the 
osmotic pressure by 50% reduced the frequency from 28 to 0-9 per sec. 

Finally, there was some indication that damage to the nerve endings is 
followed by an increase in the frequency of the discharge. In the course of 
repeated ‘focal’ insertions of the microelectrode, we observed sometimes that 
the e.p.p. response to a motor impulse progressively diminished (while the 
resting potential was well maintained), and at the same time the miniature 
potentials became progressively more frequent. Stretching a muscle 10-15% 
beyond its resting length reversibly increased the rate by a factor of 2-5-3, 
and pulling on the motor nerve sometimes caused a similar ‘speeding up’ of 
the discharge. It is possible that these procedures produce some local depolari- 
zation and thereby increase the instability of the nerve endings. There are 
however no means at present of obtaining direct evidence of the state of the 
nerve terminals and of their membrane potential. _ 


The ‘random’ nature of the spontaneous discharge 

The sequence of miniature potentials appeared to be completely irregular. 
It is true that, occasionally, this irregularity was broken by a short burst of 
high-frequency discharges, which might have been due to an extraneous 
stimulus or more probably to interaction between the different contributing 
units, e.g. to electrotonic currents from an active nerve ending lowering the 
threshold of adjoining endings: There were, however, long periods during which 
no bursts could be seen, and this suggests that any ‘coupling’ between the 
various units must be very weak and nad rarely and temporarily leads to 
effective interaction. 

The random succession of the discharge was subjected to a statistical test. 
It is a characteristic property of this type of random time series that the pro- 
bability of occurrence of any one event does not depend upon past history. For 
an interval At, which is very brief compared with the mean interval 7, the 
_ probability P of at least one occurrence is simply At/T' (for a complete theory 
see Feller, 1950, chapter 17). As the interval ¢ becomes greater, P increases 


exponentially according to the equation P=1—exp (—?/T). Similarly, the 


intervals between successive discharges, in a very large series of observations 
(total number NV), should be distributed exponentially, the frequency of occur- 
rence n of any interval between ¢ and ¢ + At being given by n = NAt/T exp(—t/T). 
To test the applicability of these equations, a series of 800 miniature potentials, 
covering a total period of 176-8 sec (i.e. with a mean frequency of 800/176-8 = 
4-52 per sec) was chosen. This series was selected because it showed no obvious 
bursts of synchronized activity, and the mean frequency was suitable for 
accurate measurement (at too high frequencies, summation and coincidences 
between several unitary discharges make measurements uncertain; at too low 
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rates, the experiment becomes too long and progressive changes of the mean 
are likely to occur). To check that the mean frequency had not appreciably 
altered during the period of observation, the measurements were carried out 
separately for two series of 500 and 300 discharges respectively, and these 
agreed satisfactorily. 

Successive intervals between individual discharges were divided into groups, 
as in Fig. 11. The distribution fits a simple exponential curve 


n= NAt/T exp (—¢/T), 


where 7’ is the mean interval (y*=27-9, f=21). If we plot the total number of 
intervals, whose duration is smaller than ¢, against ¢, as in Fig. 12, the results 
are seen to fall closely along the predicted curve P=1-—exp (—t/T). 


Represents one measurement 


No. of observations 


02 04 1-4 sec. 

Fig. 11. Distribution of time intervals between discharges, in a series of 800 miniature potentials. 
The shortest interval which could be resolved in this experiment was 5 msec (the interval 
between 0 and 0-005 sec has been left blank). The observations were grouped in classes of 
20 msec. The mean interval was 0-221 sec. 


This random sequence of miniature potentials should, however, be inter- 
preted with some caution. It evidently means that in this particular set of 
observations there was no noticeable interaction between the various contri- 
buting units, but it does not prove that the constituent units themselves dis- 
charged in a completely random manner. The record of impulses from a whole 
sense organ may appear to be chaotic, yet each nerve unit carries impulses of 
remarkable regularity, Whether such regular rhythms are concealed in the 
present picture of miniature e.p.p.’s cannot be said, because it has not yet been 
possible to isolate the constituent units satisfactorily. Selective recording from 
critical surface spots (cf. p. 112) might provide the answer. Our external 
records did not show any regular rhythmicity, but they were too few to provide 
a conclusive test. 
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Statistical distribution of amplitudes 
We have suggested that there are a number of individual units (nerve 
terminals, or discrete ‘ACh-release patches’ within them) which indepen- 
dently contribute to the spontaneous discharges, and one might expect to find 
@ grouping of the individual sizes corresponding to such units. In some 
experiments, this appeared to be the case, especially when external records were 
obtained (p. 114). However, when a large series of measurements was tested 


800- 
° 
Mean 
M- interval T 
0 Of 02 04 OS 06 O07 _08 , 09 70 11 #12 


Fig. 12. Total number of observed intervals, of duration less than ¢ (from the experiment of 
Fig. 11), has been plotted against interval duration ¢t. Circles: observed numbers. Full line: 
theoretical curve, y=N[1l - exp ( -#/7')], where N is total number of observations, and 7' 
the mean interval, marked by arrow). 


as in Fig. 13, the sizes were usually found to be scattered in an approximately 
normal manner around a simple mean value. In Fig. 13 the coefficient of 
variation was about 30%, and there were no outstanding secondary humps or 
peaks. The explanation of this scatter is probably several fold: (i) the mean 
amplitude of the individual potentials is about 1/100 of the e.p.p., hence some 
100 different units may be involved, and a discrimination of individual sizes 
would then be impossible; (ii) the size of an individual unitary discharge must 
itself be subject to some variation, depending upon the interval between dis- 
charges (both ‘facilitation’ and ‘depression’ may be expected, as with two 
successive e.p.p.’s; cf. Eccles e¢ al. 1941); (iii) the accuracy of individual 
measurements is limited by a random error of a few per cent, due to the base- 


line noise. These factors might easily account for the statistical spread of 
amplitudes shown in Fig. - 
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Perhaps the most convincing evidence for the existence of discrete terminal. 
units is that obtained in calcium-deficient muscle (Fig. 9), where it was shown 
on p. 119 that successive e.p.p. responses varied in a step-like manner, cor- 
responding to units of miniature e.p.p.’s. 

_ In Fig. 13 there is indication of several discharges of about twice the mean 
amplitude, and of one isolated discharge of three or four times the mean size. 
These are very probably examples of a ‘coincidence’ of two (or three) unitary — 
discharges which could not be resolved with the slow film speed used in this 
experiment. In fact, the smallest interval that could have been detected is 


Fig. 13. Distribution of amplitudes. Muscle treated with prostigmine. 
Same 800 miniature potentials as used in Figs. 11 and 12. 


about 5 msec. The chances of such small intervals occurring are given, approxi- 
mately, by which is 5/221 =1/44. Hence, in 800 observations, eighteen 
‘coincidences’ may on the average be expected. The chance that two such 
intervals follow one another is only 1/44*=1/1936. Thus, it is reasonable to 
suppose that the single observation of 4-6 mV amplitude was a ‘triple’ coin- 
cidence while the thirteen observations between 2 and 3 mV were ordinary 
‘double’ coincidences. 
DISCUSSION | 

The results point to the conclusion that some terminal spots of the motor 
nerve endings are spontaneously active and release ACh in the same impulsive 
manner as they do after the arrival of a normal motor nerve impulse, 

The question arises why such ‘neurogenic’ activity does not lead to a back- 
firing into the main motor axon and, by axon reflex, to a total discharge of the 
motor unit. The answer is probably that the terminal area which, at any time, 
is spontaneously active is too small to produce a propagating nerve impulse. 
It should, however, be noted that in the eserinized mammalian muscle spon- 
taneous ‘fibrillation’ (fibre activity) and ‘fasciculation’ (motor unit activity) 
have both been described (Masland & Wigton, 1940), which indicates that 
under certain conditions a back-firing into the motor nerve axon does, in fact, 
occur. While in most of our experiments the level of the spontaneous activity 
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remained below the threshold of either nerve or muscle fibres, in some prostig- 
-mine-treated muscles occasional fibrillation was seen which was presumably 
due to a summation of miniature potentials exceeding the threshold of a muscle 
fibre. It is likely that the spontaneous twitching in eserinized or tetanus- 
poisoned mammalian muscle arises from the same phenomenon. | 

That the occurrence of miniature e.p.p.’s is not an exclusive property of 
frog’s muscle was made evident by a few tests on lizard and tortoise prepara- 
tions in which the same type of spontaneous activity was found in innervated 
regions of muscle fibres. 

The second problem which confronts us is the origin of the iow 
excitation at nerve terminals. In a previous note (Fatt & Katz, 1950qa) it has 
been suggested that the ‘noise’ voltage across the axon membrane may become 
so large, at a sufficiently minute structure, that it may occasionally exceed the 
threshold level at some point. By ‘noise’ voltage is meant the random 
fluctuation of the resting potential due to thermal agitation of ions within the 
membrane. 


This noise level may be calculated from the formula 
af (1) 
(see Campbell & Francis, 1946), where . . 

E =r.m.s. value of noise fluctuation (volts); 

k= Boltzmann’s constant = 1-38 x 10-* joules per degree Kelvin; 

T =absolute temperature (degrees Kelvin) ; 

r=resistive component of impedance across nerve ending (ohms); 
f, =frequency range over which the effective noise energy is distributed (c/s). 
The resistive component r at the end of a long non-medullated axon is twice as large as in its 

middle, and is given by 


r=ay (tim), 
where = + 1/4/ (1 +0*7,,")]}, 
w=2nf, 
Tm =" 


cylinder resistance and the membrane capacity of one centimetre length of fibre (or terminal 
branch). These values are related to the more fundamental fibre constants as follows: 


where d is fibre diameter (cm), R,,, specific membrane resistance (Q x cm*), R, specific axoplasm 


resistance (Q. x cm), and C,, specific membrane capacity (uF/cm*). Equation (1) can, therefore, be 
rewritten as 


(ads, 


from which it is seen that the noise voltage increases as the fibre size diminishes. 

The absolute values can only be guessed, as we have no direct information about the size and 
electrical characteristics of nerve endings. Supposing that the fundamental electrical constants 
of nerve endings are of the same order of magnitude as in several types of non-medullated axons, 
we may use the following values: R,,=50000 om*; R;=2000 cm; C,,=1uF/cm*. In computing 


[ady, an arbitrary upper limit of integration (f,) had to be chosen; we assumed that the upper 
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frequency limit of effective noise components is at about 10 kc/s, and that at frequencies above it 
the fluctuations of membrane potential would be too rapid to lead to local excitation. On these 


assumptions, | adf is calculated to be approximately 800 c/s. 


The noise level, for an axon of these properties, depends then only on its 
diameter, the noise voltage increasing as the fibre size is reduced. For a 100y 
axon, for instance, F is about 2.V; for the terminal of an extremely fine fibre 
(or sufficiently long branch) of, say, 0-1 diameter, FE becomes about 0-5 mV. 
These are r.m.s, values; the peak amplitudes of the fluctuation are several 
times larger, but they become very infrequent above 3—4 times the r.m.s. value, 
and in practice will not exceed five times this size. 

The result of this calculation remains indecisive: it indicates that at very 
fine nerve terminals, thermal agitation noise may reach an amplitude of 
1 or 2 mV and thereby a physiologically important range; nevertheless, on the 
present assumptions, there is little chance of the membrane noise approaching 


_ the 15-20 mV which is the threshold level of a Loligo axon (Hodgkin, Huxley & 


Katz, 1949). Although thermal agitation of ions may play an important part 
in the production of the discharge, some other property of the nerve endings, 
as yet unspecified, may well be involved. 


SUMMARY 

1. End-plates of many resting muscle fibres are the seat of spontaneous 
subthreshold electrical activity. It consists of a random succession of miniature 
end-plate potentials, their amplitude being of the order of 1/100 of the normal 
end-plate response to a motor nerve impulse. | 

2. The miniature potentials are greatly reduced in size by a small dose of 
curarine, and are increased in size and duration by prostigmine. They are 
abolished by denervation, and by nerve anaesthetics. 

3. The frequency of the discharges varies over a wide range. It increases 
with temperature and, strikingly, with small increases of osmotic pressure. 

4. There is evidence that the discharges are due to spontaneous local 
excitation of individual motor nerve endings, or of even smaller specialized 
membrane areas which are concerned with the release of acetylcholine. 

5. The effect of sodium and calcium ions has been studied. Calcium de- 


_ ficiency.is known to reduce the size of the end-plate potential (e.p.p.); this 


effect appears to take place in ‘steps’, involving an all-or-none blockage of a 
variable number of miniature components. The size of individual miniature 
potentials in contrast to that of the e.p.p. is not affected by calcium-lack. 
Sodium deficiency, on the other hand, reduces the amplitudes of both e.p.p. 
and miniature potentials. 3 

6. The origin of the spontaneous discharge is discussed. It is possible that 
thermal agitation of ions across the nerve membrane plays an important part 
in their initiation. 
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We are indebted to Prof. A. V. Hill for the facilities provided in his laboratory, to Mr J. L. 
Parkinson for frequent help, and to Dr R. B. Makinson, of Sydney University, for solving some of 
the mathematical problems for us. This work was carried out with the aid of a 2a for scientific 
assistance made by the Medical Research Council. 
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ACTION CURRENTS IN SINGLE AFFERENT NERVE 
FIBRES ELICITED BY STIMULATION OF THE SKIN 
OF THE TOAD AND THE CAT 
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Since Adrian (1928, 1931, 1932) opened up a new method of studying the basis 
of sensation, the sensory impulses in single cutaneous nerve fibres have already 
been the object of intensive investigation by a great number of workers 
(Adrian & Zotterman, 1926; Adrian, Cattell & Hoagland, 1931; Cattell & 
Hoagland, 1931; Hogg, 1935; Zotterman, 1936, 1939, and others). The tech- 
nique adopted by all these workers consisted in leading off action potentials 
_ from a small group of nerve fibres, obtained either by the operative attenuation 
of the nerve trunk or by selecting small nerve twigs for the experiment. By 
this technique, Zotterman successfully estimated the fibre-diameters of several 
kinds of cutaneous afferent fibres of the frog and the cat and reached oe 
conclusions, 

With this technique it is easy to record sensory discharges in single nerve 
fibres which develop overwhelmingly large action potentials or in fibres with 
especially low threshold for sensory stimuli. It is, however, extremely difficult 
to explore the behaviour of nerve endings which on stimulation give rise to 
a limited number of small action potentials, because the discharges in these 
fibres may be completely masked by those in other predominant fibres. This 
and other defects of the technique can undoubtedly be circumvented by using 
a single isolated fibre of the desired size for the experiments. 

Since 1942 one of us (I.T.), in collaboration with several co-workers who 
changed from time to time, has devoted much effort to exploring the physio- 
logical properties of various sensory nerve endings with the single fibre 
technique. By means of the experimental set-up we are using now, it is 
possible to observe afferent impulses in a single nerve fibre, either myelinated 
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or unmyelinated, of less than 2 diameter. Furthermore, the method of the 
‘bridge-insulator’ (see Tasaki & Mizuguchi, 1948) enables us to apply various 
sorts of stimuli to the skin without causing any appreciable renee in 
the current recording device. 

It is the purpose of this paper to present the results of our investigntion « on 
the properties of the ‘sensory units’ (Tower, 1940) in the skin. Our investiga- 
tion along this line is by no means complete yet. But, as the progress of our 
work is now very slow on account of the difficulties which confront our 
nation, we thought we should summarize what we have learned up to the 
present. Part I of this paper is concerned with experiments on the toad, and 
Part Il on the cat. 


PART L CUTANEOUS AFFERENT FIBRES IN THE TOAD 
“METHOD 


covering the gastrocnemius muscle was dissected out together with its nerve supply, and the 
operation for isolating a single nerve fibre was performed at the point where the cutaneous nerve 
branches off from the tibial nerve. The operation was done under a low-power binocular micro- 
scope. The preparation was frequently brought under a high-power microscope and a single fibre 
of the desired size was chosen for the experiment. 

The operated region of the nerve was mounted on a “bridge-insulator’ (Tasaki, 1939; Tasaki & 
‘Takeuchi, 1941). The skin was spread out on cotton-wool soaked in Ringer’s solution, and a non- 
polarizable electrode in contact with this cétton-wool was earthed. Another electrode which 
dipped into the fluid on the opposite side of the bridge-insulator was led to the amplifier. When the 
conduction rate in the afferent fibre was to be determined, induction shocks were applied near the 
proximal stump of the sciatic nerve, and the electrode in the pool of Ringer's solution on the distal 
side of the bridge-insulator was led to the amplifier, the proximal’ pool being grounded. 

Electric responses of single nerve fibres. were amplified with a 4-stage resistance-capacity 
oupled amplifier and were recorded with an oscillograph of the Duddell type or with a cathode- 
ray oscillograph. 

Action currents from smaller fibres were naturally smaller than those from the larger fibres. 
In reading our records, it should’ be borne in mind that the action currents from smaller fibres 
were amplified to a greater extent, and that consequently recorded spike heights do not give any 
information as to the absolute strengths of the.action currents. 

The amplified action current was tapped and was made to operate both a loud speaker for 
hearing impulses and a repetitively sweeping cathode-ray oscillograph for seeing impulses. 
Sensory stimuli routinely used in the experiment were air jet, light touch with a von Frey hair, 
pressure through the tip of a blunt glass rod, pin-prick, application of 5-10% acetic acid and light 
touch with a metal vessel containing hot or cold water. The details of the procedure of each 
particular experiment will be deegribed in the following pages. 


RESULTS 
Sensory units in the toad akin were classified according to their i ittaicnal 
properties, the criteria of classification being (1) the diameter of the sensory 
nervé fibre, (2) the character of the adequate stimuli, (3) the distribution of 
the sénsory spots in the skin, and (4) the duration of the sensory discharge 
under constant stimulation (i.e. the rate of adaptation). Through careful 
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examination of about ata units in the toad skin, we are eled to the classifica- 
tion shown in Table 1. 


Tasix 1. Properties of various cutaneous sensory units of the toad (22-26° C) 
Fibre  Conduction- No. of 


of size rate a units 
Type (u) (m/sec) fi examined 
Tactile Phasic (tonic) 8-15 20-35 3-10 spots c. 40 
n c mm 
Small nociceptive Phasicortonic 3-5 39 6-20mm* I 


The terms ‘tactile’ and ‘pressure’ in this table are used to designate the 
sensory fibres originating at the end-organs which are sensitive to mechanical 
stimuli and insensitive to acid. In most cases these fibres had a diameter 
above 8; but as we met with several cases in which the diameter was about 
4 we had to make two subdivisions in the fibres of this category. In this 
paper, the term ‘pressure fibres’ is used to represent these smaller fibres of 
which the endings show slow adaptation and the name ‘tactile fibres’ is given 


to the larger fibres. The term ‘nociceptive fibres’ is used to describe those 


arising at nerve endings which are sensitive both to application of acid and to 
pin-pricks, The details of the properties of éach type of sensory unit will be 
presented below. ‘ 

Fibres from tactile and pressure nerve endings = 

The sensory impulses from tactile end-organs of the frog have been the 
object of repeated study by members of Adrian’s laboratory. In the toad, 
the receptive field of a single ‘tactile fibre’ consists of a number of clearly 
defined points which are distributed in an area of about 4x5mm. The 
number of the sensitive points connecting to one afferent nerve fibre varied 
considerably from preparation to preparation, and was generally between 
3 and 10. In female animals, where the surface of the skin is much rougher 
and more warty than that of male animals, it can easily be shown that the 
endings are located just beneath the tips of the warts; a light touch with 
a von Frey hair reveals that sensory impulses can be evoked most readily at: 
definite black spots on the wart, and that in the region between these sensitive 
spots light stimuli are almost ineffective. 

Among all the sensory nerve endings in the toad’s skin, tactile endings are 
most sensitive to light touch and to air jet, and the fibres from these endings 
are the largest in the skin nerve. We have examined about forty single fibres 
of this type. Most of them were between 11 and 15y in diameter. But this 
figure does not indicate the average diameter of the tactile fibres, because, when 
a single fibre of this type was desired, we selected it from among ot Pit 
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fibres in the skin nerve, With one exception, all the tactile fibres we have 
isolated were above 7-5. At about 23° C their conduction rate, determined 
from the time required for conduction between the proximal stump of the 
sciatic nerve and the operated region of the nerve, was generally between 
20 and 35 m/sec. 


A B Cc 


Tactile fibre (84) Pressure fibre (5,4) Small fibres 
Induction shock 
| | | — 
Pressing. ‘Heat 
Nociceptive fibre (45) 
Small fibres _ 
Tactile fibre (11) a 
Pressing Spontaneous 


Nociceptive fibre (8) Nociceptive fibre (4) 


Pressing 


50/sec 50/sec 


Fig. 1. A and B: records of impulse discharges taken from various ‘sensory unit preparations’ 
of the toad. C: afferent impulses recorded from bundles of unmyelinated fibres containing 
also a few fine myelinated fibres; spikes from myelinated fibres are seen in two records; time 
marks are 40 msec apart. All the records were taken at temperatures between 23 and 26° C. 
The term ‘pressing’ means application of a firm pressure stimulation to the receptive field 
of the skin through the tip of a blunt glass rod. ‘Pricking’ stimuli were applied with the tip 
of a sharp needle held by hand. ‘ Acid’ means application of 5-10 % acetic acid. ‘Induction 
shock’ was applied to the skin with a pair of platinum electrodes placed on the receptive field. 
Records labelled ‘heat’ or ‘cold’ were taken 1-2.sec after pressing skin with a metal vessel 
containing water at about 50° or 0° C respectively. | 


Discharge of impulses from this type of ending is generally phasic, i.e. under 
a constant pressure the discharge dies out rapidly in 0-1 sec or so from the 
onset of the pressure stimulus (Fig. 1.4, top). In some preparations, however, 
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the adaptation is considerably slower and the discharge may last for several 
_ seconds under constant pressure (Fig. 1, tactile fibre of 11). The mode of 
impulse discharge gives us the impression that there are two kinds of tactile 
end-organs in the skin, the discharge in one being phasic and in the other 
‘semi-tonic’; but the fibre-size and the distribution of end-organs in the skin 
do not differ appreciably between the two. 

In the tonic tactile endings it was observed that the rhythm of discharge 
was more or less irregular, due probably to collision of impulses from different 
end-organs innervated by the single fibre under investigation (cf. Tasaki, 1949). 
In the phasic endings impulses are evoked not only at the onset but also on 
the removal of a constant pressure. | 


6-0V 
Fig. 2. Effect of electric current applied to one of the sensory spots of a touch fibre-skin prepara- 
tion of the toad. The duration of the applied current from ‘on’ to ‘off’ in the records on the 
left was about 0-5 sec, Note a break excitation at 6 V, the cathode on the ending. 21°C. 


Electrical stimulation. Although the tactile endings are not excited by the 
application of acid to the skin, it is possible to excite them by induction 
shocks or galvanic currents which traverse the skin. By application of in- 
duction shocks to the skin, it was found that nerve impulses are transmitted 
at a considerably lower rate near the end-organs; at a conduction distance of 
about 2cm, the time from the stimulus to the arrival of the impulse was 
about 2 msec at 23° C. The average conduction rate in this peripheral region 
of the nerve fibre is therefore less than half the rate in the proximal region of 
the same fibre. | 

The effect of a galvanic current upon the tactile ending is of considerable 
interest in regard to the mechanism of production of impulses at the end- 
organ. When the battery circuit is so arranged that the current flows through 
the skin (Fig. 2, top), it is observed that a current flowing inwards through 
the skin causes an outburst of impulses at make of the current, while a current 
flowing in the opposite direction is apparently ineffective. The total number 
of impulses elicited by a galvanic current increases almost proportionately to 
the amount by which its strength is above the rheobase (Fig. 2). 
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‘The fact that the end-organ is excited only by a current applied with the 
anode on the skin can easily be understood on the assumption that an end- 
organ elicits nerve impulses by transforming sensory stimuli into electric 
stimuli for the sensory nerve fibre (cf. Lillie, 1929). It is well known that the 
plasma membrane of a nerve fibre is excited by a current flowing outwards 
through this membrane (cf. Tasaki & Mizuguchi, 1948). If a sensory stimulus 
is to generate an outwardly directed current in the nerve fibre close to the 
end-organ, then the current generated by a sensory stimwlus would have to 
be in the same direction as that generated by an anode placed on the end- 
organ. It therefore seems reasonable that the starting-point of the afferent 
fibre is excited by a current flowing inwards through the skin. 

Small pressure fibres. Among the fibres originating at the spots sensitive to 
mechanical stimuli there are very small myelinated fibres that convey a tonic 
discharge of impulses on sustained pressure stimulation of the skin. We have 
met with such single fibres on three occasions only (see Fig. 1, pressure fibre 
of 54). They were between 4 and 5, in diameter, their conduction rate being 
about 5 m/sec at 24° C. The receptive field of these fibres consisted of one to 
five more-or-less clearly defined points. The frequency of discharge was often 
as high as 400/sec, and a spontaneous discharge at a low frequency (a few 
impulses per sec) was sometimes observed. These ‘pressure endings’ are less 
sensitive to a light touch and an air jet than the ‘tactile endings’ described above. 

Another characteristic of the pressure endings is the long latency in excita- 
tion by mechanical stimuli. When afferent impulses are recorded from a number 
of cutaneous fibres, it was often observed that a discharge in a pressure fibre 
in response to a constant pressure started after a short discharge in a tactile 
fibre had subsided. 


Myelinated fibres from nociceptive endings 

In this category come several different types of afferent fibres. All of Mises 
are insensitive to a light touch with a feather or to a light air jet. In response 
to stronger mechanical stimuli, such as tapping with a glass rod, they naturally 
give rise to outbursts of impulses. 

Large myelinated nociceptive fibres. These fibres have a daasiobie between 
6 and 9. The nerve endings of a single fibre of this type are found, when | 
examined by light pin-pricks, to be distributed densely in an oval area of 
3x 4mm to 5x6 mm. The discharge of impulses in this fibre on application 
of strong pressure through a blunt glass point is in general phasic; the discharge 
comes to an end within about 0-2 sec from the onset of the stimulus. But, in 
preparations having relatively high sensitivity to mechanical stimuli, adapta- 
tion was fairly slow. The frequency of discharge is sometimes as high as 
300/sec at 24°C, but impulses released by 10% acetic acid are generally 
spaced by longer intervals (20 to 60 msec) at the same temperature. 
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Small myelonated nociceptive fibres. In this category are fibres of 3 to 5y 
diameter. Their endings can be further subdivided according to the mode of 
impulse discharge. In one group are those which we may call tonic nociceptive 
fibres. They respond both to light pin-pricks and to application of acid with 
a relatively long train of impulses. The receptive field of a single fibre of this 
group varies according to the preparation from 2x3 mm to 4x6 mm, and 
the maximum frequency of discharge is from 50 to 130/sec at about 22° C. 

Another group may be called phasic nociceptive fibres. These fibres are less 
sensitive to pin-pricks, and the discharge always comes to an end in 0-1 sec 
or less after the onset of the stimulus. In some preparations, only those strong 
pin-pricks which seem destructive to the skin are found to be effective in 
eliciting a small number of impulses. It is therefore probable that the nerve 
endings of such fibres are entirely different from those having a greater 
sensitivity to pin-pricks. The maximum frequency of discharge varies from 
25 to 50/sec and the conduction rate from 3 to 9 m/sec at 22°C. The size 
of the receptive field was not determined very accurately because of the 
difficulty of eliciting afferent impulses by light mechanical stimuli. But, in 
relatively sensitive preparations, a dense distribution in an area of 2x 2mm 
to 3x5 mm was generally observed. On one occasion the receptive field of 
a single fibre seemed to consist of two separate patches of surface a few 
millimetres apart, each having an ordinary size. 

The endings of some of the small nociceptive fibres are also sensitive to 
changes in temperature. Pressing the receptive field with the tip of a glass 
test tube filled with hot water (about 60° C) often evoked more frequent and 
longer discharges than pressing with a tube at room temperature; this effect 
was especially conspicuous when heat was applied immediately after cooling 
the skin with ice. It was also very often observed that not only heat but also 
cold increases the frequency of discharge in one and the same preparation. 
Since these nerve endings sensitive to temperature changes respond also to 
pin-pricks, we do not place them under the category of heat or cold fibres. 


Unmyelinated afferent fibres 

It is well known that there are abundant unmyelinated fibres in the skin 
nerves, They form special bundles which generally contain also some small 
myelinated fibres (see Fig. 3, top, left). It is possible to isolate a single 
unmyelinated fibre under a low-power microscope in an unstained preparation. 
To record action currents from such a fibre is, however, not very easy, owing 
to its vulnerability to injury and to desiccation. 

The electric response of an unmyelinated fibre is characterized by its 
extremely slow development and subsidence (see Hogg, 1935) and also by its 
low conduction rate (Erlanger & Gasser, 1930). The size of the response was, 
at least in some preparations, relatively large (Fig. 3). Judging from the 
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all-or-none character exhibited on electrical stimulation, we may regard the 
action currents we recorded as being derived from single unmyelinated fibres. 
The strength of the action current developed by a large unmyelinated fibre is, 
under our experimental conditions, of the magnitude of about 10-° A and is 
approximately equal to that from a small myelinated fibre. There are a number 
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Fig. 3. Photograph at top left shows a stage in an operation to isolate a bundle consisting mainly 

of unmyelinated fibres in a toad’s skin nerve. The bar subtends 50. The bundle is marked 

by the cross. All the fibres, except this bundle and a large myelinated fibre, were cut across, 

and another photograph was taken at a magnification five times as high as in the first picture. 

The action current records shown were taken from this preparation. Records on the right 

were taken at a lower transit speed and a higher (twice) amplification. The reciprocal of the 
induction shock (in ohms) is given, 28° C. | 


of small unmyelinated fibres which develop weaker action currents. There are 
also some which seem intermediate between a small myelinated and an 
unmyelinated fibre in respect to the conduction rate (1-3 m/sec). 

When afferent impulses are led from a bundle consisting mainly of un- 
myelinated fibres, it is immediately seen that almost all kinds of sensory 
stimuli, such as pinching, pricking, burning with acid or applying heat or 
cold, give rise to an outburst of afferent impulses. In favourable cases, elec- 
trical responses of individual unmyelinated fibres could be distinguished from 
one another by their characteristic temporal configurations. An air blast or 
a light touch with a feather is in general ineffective in evoking impulses in 
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_ unmyelinated fibres. Impulses elicited by cold are distinctly smaller in size 


and less in number than those resulting from pinching, pricking or heating 
the skin (see Fig. 1C). 

. In preparations containing only a few afferent unmyelinated fibres, we have 
seen that hot and cold endings are insensitive to mechanical stimuli. We also 
met with several preparations which are sensitive to mechanical stimuli but 
not to changes in temperature. In many other preparations, however, we 
noticed that none of the sensory stimuli, except an electric current applied to 
the skin, was effective in evoking an afferent impulse in some particular 
unmyelinated fibres. In the excitation of an unmyelinated fibre by an applica- 
tion of induction shocks to the skin, a long latent period and a relatively low 
threshold stand out clearly (Fig. 1C,.top). 

The rate of conduction in individual unmyelinated fibres varies considerably 
from preparation to preparation; it is between 0-1 and 1 m/sec at about 22° C. 
The diphasic action currents, recorded from such fibres by the method of the 
‘bridge-insulator’, were 10-20 msec in duration, but it is possible that 
distortion imposed by the condenser coupling in the amplifier has had a part 
in curtailing the observed duration of the action current. The frequency of 
impulses in individual unmyelinated nerve fibres was below 50/sec. When 
afferent impulses were evoked by thermal stimuli, there was a latent period of 
about 0-5 sec before an outburst of impulses started. 


DISCUSSION 


In our classification of the cutaneous afferent fibres, sensitivity to acid and 
dense distribution of the nerve endings serve to distinguish nociceptive fibres 
from the tactile and pressure fibres of which the endings show spot-like 
distribution and are insensitive to acid. Furthermore, the difference in the 
duration of impulse discharge under sustained stimulation served to divide 
nerve endings into two groups, phasic and tonic. This latter criterion seemed 
less reliable than the former, for change in the state of the skin could change 
the duration of discharge appreciably. The size of the nerve fibre, and corre- 
spondingly its conduction rate, are shown to differ considerably according to 
the function it undértakes in the body. 

The contribution of the ventral and dorsal spinal roots to the sensory 
innervation of the skin has been investigated in a number of cases. The 
vertebral column of the toad was opened from behind and the dorsal roots 
were separated from the ventral roots. After this operation the nerve- 
skin preparation was made, leaving the connexion of the nerve with the 
spinal cord and spine uncut. The operation to isolate a single cutaneous nerve 
fibre was then carried out on the nerve near the skin. After the afferent 
discharge had been recorded in such a preparation, the position of the ground 
and grid electrodes in the bridge-insulator was reversed and, by applying 
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induction shocks to each of the roots, tests were made to determine from what 
root the fibre under investigation was derived. As it seemed fairly certain 
that in the cat (see later) some of the small myelinated afferent fibres reach 
the spinal cord through the ventral roots, we thought we might be able to 
obtain a clear-cut demonstration of afferent fibres of ventral root origin. Our 
attempt was not, however, successful; we could only show that the tactile 
fibres and most of the nociceptive fibres described above reach the spinal cord 
by way of the dorsal roots. Induction shocks applied to the ventral roots 
disclosed that, in the whole skin nerve, a number of small myelinated fibres 
of 3-6 in diameter and 3-8 m/sec in conduction rate (at about 25° C) are 
derived from the ventral roots. But we could not isolate single afferent fibres 
of this type. 

On a few occasions we tried to seco afferent impulses from ventral roots. 
The vertebral column of a decapitated toad was opened and lead-off electrodes 
were applied to one of the severed ventral roots which on cutting evoked 
distinct twitches in the limb muscles. We could induce afferent impulses, or 
add new afferent impulses, in the fibres of the ventral root by mechanical 
stimulation of the hind-limb. But, as we could not localize the receptive field 
of the afferent fibres, the experiment was discontinued. 

We further examined the contribution of the sympathetic rami to the skin 
nerve. It was found that sympathetic rami send to the skin some small 
myelinated and unmyelinated fibres, 0-1-4 m/sec in conduction rate; in such 
fibres, however, all but _— stimuli applied to the skin failed to evoke 
afferent impulses. 


PART II. CUTANEOUS AFFERENT FIBRES IN THE CAT 


In the early stage of our experiments we found it much more difficult to 
isolate single afferent fibres in the cat than in the toad. When, however, 
a simple apparatus to illuminate the nerve from beneath was devised, the 
operation on the cat’s nerve became as easy as on the toad’s or frog’s nerve. 
The plantar nerves, the musculo-cutaneous nerves and some branches of the 
saphenous nerve were chosen for the operation as being best suited to the 
investigation, because in these skin nerves a portion of 2 cm or more could be 
freed from the surrounding tissue without appreciably hindering the blood 
supply of the skin. To increase the number of skin nerves available in one 

animal, the abdominal skin nerves were also frequently used. 2 


METHODS 


Single fibres were isolated from skin nerves in situ. Spinal cats or cats under urethane anaesthesia 
were used, The animal was laid on an earthed iron table covered with cloth. The hind-limb was 
firmly fixed to the table by drills through both ends of the femur. The nerve was severed centrally 
and was separated from the surrounding tissue for a length of about 2 cm or more. The cut end 


~ 
4 
b> 
1 
4 
4 
» 
i 
| 
4 
igs 


ISOLATED FIBRES FROM SKIN NERVES . 139 


of the nerve was brought onto a glass plate of a specially designed illuminating apparatus fixed to 
the table. The nerve was illuminated from below by a mechanism similar to that of a microscope. 
The isolation of single fibres was done in a shallow pool of Ringer’s solution on the glass plate. 

When the operation was over, an earthed non-polarizable electrode was immersed in the pool 
of Ringer’s solution on the glass plate. The proximal, cut end of the nerve was attached to the 
tip of another non-polarizable electrode fixed to a movable arm of a stand, and was carefully 
raised step by step until finally the operated region of the nerve was suspended in air. The latter 
electrode was led to the amplifier and afferent impulses from the end-organ were recorded. When 
a series of observations was over, the movable grid-electrode was lowered and the operated region 
of the nerve was dipped in the pool of Ringer’s solution again. 

Recording and stimulating arrangements were the sume atin the experiments on tho tod 
"(Part I). 
RESULTS 


Classification of the cutaneous afferent fibres is much more complicated in the 
cat than in the toad, because it has been found that the types of the sensory 
nerve ending in the cat’s skin differ according to the part of the body. The 
endings found in the planta are different in some respects from those found 
in the abdominal skin. The results of the investigations done so far have led 
us to the classification shown in Table 2. 


TaBLeE 2. Classification of cat’s cutaneous sensory units 


Fibre- No. of 
diameter ve unite 
. Type (u) fi examined 
Touch (phasic) 8-14 41-2 12 
Pressure (tonic) 3-5 Spot hike 2 
oem nociceptive 8-11 4-50 mm? 8 
2-4 mm? 5 
Cold | 1 like 9 
(below 5 
Wide-receptive 2-5 1500-4000 mm 

Hair 6-12 100-500 mm* 7 
Subcutaneous 6-10 _— 3 
Scratch 8-10 Below 150 mm? 2 
Unmyelinated _ 


In this table the term ‘pressure’ fibres is used, as in the case of the toad’s 
skin nerve fibres, to distinguish the small myelinated fibres connected with 
slowly adapting mechano-receptors from the large fibres connected with 
quickly adapting mechano-receptors. The term ‘nociceptive’ is used to 
describe endings which are sensitive to pin-pricks. 

The last column of the table gives the number of cases in which iiciade 
afferent fibres of each type were successfully isolated and were subjected to 
thorough examination. The figures in this column give some information as 
to the relative number in the skin nerve of the afferent fibres of different types 
in each range of fibre size. Thus, it may probably be safe to conclude that, 
among small myelinated fibres in the skin nerve, ‘wide-receptive’ fibres are 
more numerous than ‘small nociceptive’ fibres. 
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Touch fibres 

_ The nerve endings of touch fibres in our classification are present both in 
the hairy abdominal skin and in the hairless plantar cushion or toe pads. They 
are excited by touch or pressure stimuli applied to the skin, but a very light 
touch with a feather is generally ineffective. Touch fibres are the largest in 
diameter among the fibres in the skin nerve. All of them were between 
8 and 14 with one exception in an abdominal skin nerve. On the average, 
touch fibres in the abdominal skin nerve are slightly smaller than those in the 
saphenous or plantar nerves. The receptive field of a fibre of this type is 
-_spot-like; it consists generally of one, sometimes two, touch spots. But the 
boundary of the spot is not very clearly defined, partly because of the stiffness 
of the epidermis. When a single afferent fibre is connected to two touch spots, 
the distance between these spots is generally less than 6 mm. 

Discharge of impulses from a sensory spot of this type is generally phasic, 
lasting for 30-60 msec from the onset of sustained pressure stimulation 
(see Fig. 4). On two occasions we recorded, from single touch spots in the 
abdominal skin, relatively long discharges which lasted for about 0:5 sec or 
more under constant pressure stimulation:(see Fig. 5, top). 

Touch spots discharge nerve impulses, as other phasic endings do, at the end 
as well as at the beginning of a sustained pressure stimulus. The interval 
between impulses in one discharge is generally longer than 3-5 msec even 
with very strong stimulation. 

Fig. 4 gives three examples of touch fibres isolated from different skin 
nerves. On two occasions we made observations on touch fibres in the lingual 
nerve of the cat. As is expected from the results obtained by Zotterman 
(1936), the character of the touch fibres in the lingual nerve did not differ 
from those in other nerves. Their diameters were 9 and 12. 


Pressure fibres 

The nerve endings of the ‘pressure fibres’ in our classification are character- 
ized by their long, tonic discharge of impulses under sustained pressure 
stimulation. Their receptive field is punctiform (below 1 to 2 mm?). We have 
met with typical small pressure fibres on only two occasions (5 and 5-3). 
Both had their origin in the hairless area of the paw, one in the toe pad and 
the other in the plantar cushion. The frequency of discharge in a fibre of this 
type could be as high as 30 to 60/sec at the onset of very strong pressure 
stimulation. The discharge was maintained as long as the pressure was main- 
tained, although the frequency fell gradually to about 5/sec (Fig. 5, bottom). 
All these results are consistent with those obtained by Adrian & Zotterman 
(1926). 
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| Fig. 4. Three examples of single ‘touch fibres’ with records of impulse discharges from the endings 
evoked by touch stimuli. The receptive fields are marked by the black spots on the toe pad 
(top), on the foot joint (middle) and on the tongue (bottom). The afferent fibres were isolated 
in situ from the internal plantar nerve, the saphenous nerve and the lingual nerve respec- 
tively. Time, 10 msec. 


Fig. 5. Two examples of the slowly adapting afferent fibres of which the receptive field is 
punctiform. Above: two records taken from a single fibre isolated from one of the abdominal] 
skin nerves. The discharge was initiated by application of pressure to the receptive fie!d. 

Below: two strips of a record taken from a fibre in the external plantar nerve. The first 
strip shows the discharge at the start of pressure stimulus applied to the skin through the 
tip of a blunt glass rod, and the second strip shows the discharge observed about 1 min later. 

| Time, 10 msec. | 
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ocweptive fibres 
The endings of these fibres are more susceptible to light pin-pricks than 
to touch or to pressing with the tip of a blunt glass rod. Light touch with 
a von Frey hair was generally ineffective in eliciting impulses. The receptive 
field of a single nociceptive fibre arising in the plantar cushion or the toe pad 


Fig. 6. 


from the external plantar nerve. Stimuli were pin-pricks. The dotted areas represent the 
receptive fields. Time, 10 msec. | : 


Fig. 7. Three examples of ‘small nociceptive fibres’ isolated from the internal plantar (A), the 
external plantar (B), and the musculo-cutaneous nerve (C). The diameter of the receptive 
field was about 2mm in A and B and about 5 mm in C. In the record labelled ‘ heat’ a metal 
vessel containing water at 80° C was applied. 7 


area is about 10 times larger. In the hairy areas, not only pin-pricks on the 


skin but also strong pulls at the hair were found to evoke impulses, while 


a light touch on the hair was ineffective (see Figs. 6 and 7). 
The boundary of the receptive field is relatively clearly defined; the endings 
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seem to be densely distributed in that area of the skin. The end-organs 
seemed to be located near the surface of the skin. Discharge of impulses 
elicited by pin-pricks and other noxious stimuli is phasic, coming to an end 
within about 0-2 sec. On one occasion, however, we saw a fairly long discharge 
in a small nociceptive fibre isolated from the musculo-cutaneous nerve (Fig. 7 C). 


00 
Pressing with a cold vessel : 
2 
Pressing with a wooden stick ox 
Cold 
Lukewarm 
Hot 


Fig. 8. Two examples of ‘cold fibres’. The dots marked on the plantar and on the — 
abdominal skin represent the receptive fields. Time, 10 msec. 


The diameter of the nociceptive fibres was between 3 and lly. It was our 
impression that these fibres can be divided further into two groups, large 
and small. The larger fibres seemed to have a tendency to innervate a wider 
area than the smaller. As can be seen in the figure, the highest discharge 
frequency was much greater in the larger fibres than in the smaller. | 


Cold fibres 

The nerve endings of this group are sensitive neither to light touch nor to 
@ pin-prick. Application of cold through the tip of a thermo-aesthesiometer 
cooled with ice elicits, after a latency of about 0-5 sec, an impulse discharge 
at alow frequency (generally below 10/sec). In some cases, not only cold but 
also heat evoked a number of afferent impulses in an otherwise typical cold 
fibre (see Fig. 8). The discharge on cooling usually lasted for at least 10 sec. 

Cold fibres were between 1-5 and 3, in diameter and were the smallest of 
the myelinated fibres. They are myelinated in the sense that nodes of Ranvier 
are discernible in their course. Moreover, they are less sensitive to drying than 
unmyelinated fibres. The receptive field appeared to be punctiform. These 
fibres were found both in the abdominal skin nerves and in the plantar nerves. 
It was relatively easy to isolate single fibres of this type arising from the toe 
pads or plantar cushion. | | 
Wide-receptive fibres 

Afferent fibres of this type are characterized by their surprisingly broad 
receptive field (see Fig. 9). In the abdominal skin area and the skin covering 
the hind-limb, a single fibre of this type was found to innervate an oval area 
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ranging from 3x5cm to 5x9 cm (not mm!). Such a fibre isolated from the 
plantar nerves was found to have a receptive field covering the entire surface 
of one or two digits. 

Afferent impulses in these fibres can be “nna by éxteemaily light touch 
stimuli applied to the skin surface or the hair in the receptive field. When 
a single fibre of this type is isolated from one of the abdominal skin nerves, 
it is frequently observed that the respiratory movement of the chest gives rise 


Fig. 9. Two examples of ‘wide-receptive fibres’. Top: a single fibre from the saphenous nerve of 
a spinal cat; the receptive field was oval in shape and was 4-5 x9 cm. Bottom: a fibre from 
the abdominal skin nerve of a cat under urethane; the receptive field was 5 x 9 cm. Time, 
10 msec. 


to rhythmic impulse discharges in this fibre. These fibres have a diameter 
between 2 and 5y. They were present abundantly in all the skin nerves 
examined. , 

It is of considerable interest that afferent fibres of this type have been 
demonstrated in ‘deafferented’ skin nerves. According to the procedure 
described by Eccles & Sherrington (1930), we excised aseptically the requisite 
dorsal root ganglia to cause degeneration in the afferent fibres in the skin and 
muscle nerves of the limb. In all five cats, of which five lumbar root ganglia 
(from 4 to 8 or from 5 to 9) had been excised 3 to 4 weeks before the experi- 
mentation, we could demonstrate that stimulation of any ‘deafferented’ skin 
area gives rise to outbursts of small ‘afferent’ impulses in the skin nerve 
_ innervating the area. We have further succeeded on two occasions in isolating 
single afferent fibres with broad receptive field from such deafferented skin 
nerves (see Fig. 10), 

We have seen in fresh, unstained preparations that such a deafferented 
skin nerve contains a number of small myelinated fibres of below 5. Besides 
these small fibres there are also many fibres of about 10 of which the 
physiological function is unknown. A histological examination (on two cats) 
indicated that the number of the myelinated fibres in the saphenous nerve 
on the operated side was about 10-30% of the number of the opposite, 
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unoperated side. The possibility that we might have left some of the dorsal 
root ganglia uncut seemed to be excluded by our failure to demonstrate other 
types of sensory discharge in the deafferented skin nerve (see Fig. 10, top). 
In a short paper in Japanese, Takagi & Ro (1944) reported that there are 
in the cat’s ventral roots a number of small myelinated fibres with ganglion cells 
in their course. The size of these fibres practically coincides with that of the 
afferent fibres with broad receptive field. It seems certain, therefore, that these _ 


fibres provide an exception to the Bell-Magendie law. This statement naturally 


Fig. 10. Afferent impulses recorded from the saphenous nerve of a ‘deafferented’ cat. Before 
isolating a single nerve fibre, a record was taken of an impulse discharge in response to 
stroking of the skin; note that there is no response in the ‘hair fibres’ which would be 
expected to give much higher spikes. In the last record, the discharge was evoked by a jet 
of air. Time, 10 msec. 


reminds us of the work of Lehmann (1924), Wartenberg (1928), Foerster & 
Gagel (1933) and others, who studied the cutaneous sensation in human 
subjects after resection of the dorsal roots. It may further be possible that 
Lewis’s nocifensor system (1937) corresponds to the nerve plexus formed by 
the afferent fibre stated in this section; the size and form of the hyperalgesic 
skin area, induced by faradization of the human skin, resemble to some extent 
those of the receptive field of this type of afferent fibre. 

In connexion with the problem of afferent fibres of ventral root origin, we 
recorded on a few occasions afferent impulses from the dorsal and ventral 
roots. When the lead-off electrodes were applied to one of the severed dorsal 
rootlets, it was observed that there was a persistent discharge of afferent 
impulses and that the frequency of discharge was invariably increased by 
mechanical stimulation of the hind-limb. In the ventral rootlet there was no 
spontaneous discharge of impulses. We could induce distinct afferent impulses 
in the attenuated ventral rootlet by passive movement of the homolateral 
hind-limb; the discharge consisted of two to six impulses following one after 
another at irregular intervals ranging from 4 to 400 msec. We could not locate 
the receptive field of these afferent fibres. 
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Afferent fibres associated with hairs 


The afferent fibres of this type originate in the end-organs which Maeind 
specifically to mechanical stimuli applied to the hair. The receptive field of 
a single fibre is relatively large, and is generally between 1 cm square and 
2x2-5cem. But it should be noticed that not every hair in the receptive 
field, but only some (probably 25-50 %) of them, gives rise to an impulse 
discharge on stimulation. This can easily be shown by touching the tips of 
individual hairs in the receptive field. 


On Pressure Off 


Moving one thread of hair 


| was 1 x 1-5 cm in A, 1:8 x 2-5 cm in B. Time, 10 msec. 


The size of these afferent fibres was between 6 and 12y. Fig. 11 gives two 
examples of afferent fibres of this type. When a sustained pressure stimulus 
is applied to the receptive field, it is observed that short discharges of impulses 
are evoked only at the beginning and the end of the stimulus, and not during 
constant pressure stimulation. It is also shown in the figure that stroking of 
the skin surface with a glass rod in the ‘windward’ direction of the sloping 


hair gives rise to a less frequent discharge than a stroke in the opposite 
direction. 


Afferent fibres arising in the subcutaneous tissue 

There are large myelinated nerve fibres arising in pressure sensitive end- 
organs in the subcutaneous tissue. When a single fibre of this type was isolated, 
it was found that deep-reaching stimuli, such as strong pressure or pinching 
of the skin, evoked impulse discharges which generally ended within half 
a second. Light mechanical stimuli, such as touching with a feather or with 
a von Frey hair, were generally ineffective. The width of the receptive field 
of such a single fibre was not very clear, as only a pronounced deformation of 
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‘the skin surface was effective in evoking a discharge. When, however, the 


fatty subcutaneous layer was exposed by removing the skin in the receptive 
field it was revealed that light stimuli had now become effective in evoking 
impulse discharges (Fig. 12). Taking Adrian & Umrath’s observation (1929) 
into consideration, we tried to determine whether or not these impulses — 
started at Pacinian corpuscles in the subcutaneous tissue, but the trial was 
unsuccessful. Nerve endings of this type have not yet been shown to exist in 
the hairy areas of the skin. 


B 
Pressing 


Fig. 12. A: an example of afferent fibres arising in the subcutaneous tissue. Discharges were 
evoked by pinching the tissue. B: an example of afferent fibres of which the endings are 
sensitive to scratching of the skin but not to plain pressing. Time, 10 msec. 

| Scratch fibres 
On two occasions we have met with curious nerve endings to which the 


_ most effective stimulus was scratching of the skin. A plain pressure stimulus 
was not effective in evoking impulses in the afferent fibre. The endings of 


a fibre of this type did not seem to be in the subcutaneous tissue. In the 
example furnished in Fig. 12, bottom, the receptive field was about 1 x 1-5 cm; 
in the other case, the field was slightly smaller and was located in the skin of 


a toe pad. 
Unmyelinated afferent fibres 
Our observations on the unmyelinated afferent fibres of the cat were not 
very satisfactory, as these fibres were found to be very sensitive to drying at 
high temperatures. With preparations in which a number of fibres, myelinated 
and unmyelinated, were left uncut, it was easily shown, as in the experiments 
done by Adrian (1931) and Zotterman (1939), that both noxious and heat 
stimuli give rise to impulse discharges in unmyelinated fibres (see Fig. 13). 
It was also observed, confirming Zotterman, that stroking of the skin sets up 
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after-discharges in the unmyelinated fibres. Action currents of these un- 


myelinated fibres could be easily distinguished from those of myelinated 
fibres by their long diphasic configuration (Adrian, Bronk & Phillips, 1932; 
Zotterman, 1939) on the face of the cathode-ray oscillograph, although some- 


times action currents of an intermediate configuration were seen. 


Water at 50°C 


Water at 80° 


Fig. 13. Afferent impulses recorded from a group of small fibres including 
a number of unmyelinated fibres. Time, 10 msec. 


On several occasions we examined the impulse discharge in afferent fibres 
from an area which had previously been scalded. It was observed that the 
spontaneous discharge was limited to small fibres, myelinated and un- 
myelinated, and that the after-discharge in these fibres following mechanical 
stimulation was remarkable in the scalded area. 


3 DISCUSSION 
In the light of the findings stated above, it is easy to interpret the experi- 
mental results obtained previously by Adrian (1931), Zotterman (1939) and 


_ others. Undoubtedly a light touch on the hair gives rise to a series of impulses, 


in a multi-fibre preparation, in the wide-receptive and hair fibres stated above. 
In fact, Adrian recorded from cutaneous nerves of the cat and guinea-pig, 
action potentials of two different magnitudes, large and small. He further 
states that the afferent fibres carrying small action potentials have a much 
wider receptive field than those carrying large potentials. Then, a heavier 
touch arouses impulses further in the touch, nociceptive and unmyelinated 
afferent fibres described above. The action potentials called delta by Zotterman 
are considered to correspond to the smaller subdivision of the nociceptive 
fibres and also to the wide-receptive fibres in our classification. 

As to the roles of these sensory units in our cutaneous sensations, it may 
be possible to make much speculation. But, in an attempt to correlate the 
functions of these afferent fibres with the sensation they may arouse in the 
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human subject, it should always be taken into consideration that, under normal 
conditions, @ mechanical or noxious stimulus applied to the skin sets up 

impulses in more than one type of afferent fibre. It seems therefore natural 
to believe that our ‘pain’ or ‘pressure’ sensation is aroused by the concurrent 
activity of several different kinds of sensory units. 

It is very important to determine the neurohistological structures corre- 
sponding to the endings described above. The observations made by Woollard, 
Weddell & Harpman (1940), Weddell (1941) and others are very important 
in this respect. Simultaneous use of neurohistological and electrophysiological 
techniques thus seems desirable. 


SUMMARY 


1. Impulse discharges in individual cutaneous afferent nerve fibres have 
been studied by isolating single fibres from various skin nerves of the toad and 
the cat. 

2. Toad’s skin afferent fibres were divided, according to the physiological - 
property of the sensory unit, into (a) tactile fibres, (b) pressure fibres, (c) large 
and small nociceptive fibres and (d) unmyelinated afferent fibres. 

3. (a) A tactile fibre of the toad is 8-15 in diameter, its receptive field 
consists of three to ten spots and its endings adapt quickly to a constant 
stimulus. (6) A pressure fibre is 45. in diameter and innervates one to five 
spots which adapt slowly to a constant pressure. (c) Nociceptive fibres vary 
between 3 and 9, the endings being densely distributed in an area ranging 
from 5 to 30 mm*. (d) Unmyelinated fibres subserve perception of heat, cold 
and mechanical stimuli. 

4. It was inferred from an experiment that sensory nerve endings transform 
sensory stimuli into electric currents which stimulate the eee of 


_ the afferent nerve fibre. 


5. Cat’s skin afferent fibres were classified into (a) touch, (6) pressure, 
(c) large and small nociceptive, (d) cold, (e) wide-receptive, (f) hair, (g) sub- 
cutaneous, (h) scratch, and (i) unmyelinated afferent fibres. 

6. (a) A touch fibre of the cat is 8-14. in diameter and innervates generally 
one, sometimes two, touch spots which adapt quickly. (6) A pressure fibre is 
3-5 in diameter, its receptive field is spot-like and adaptation is slow. 
(c) Nociceptive fibres vary between 3 and 11, the receptive fields range from 
2 to 9 (sometimes 50) mm?, and the impulse discharge is generally phasic. 
(d) Cold fibres are 1-5-3 in diameter, their receptive field is punctiform, and 
their endings are insensitive to mechanical stimuli. (e) A wide-receptive fibre 
is 2-5, and it has a receptive field ranging from 1500 to 4000 mm? which is 
sensitive to all kinds of mechanical stimuli. (f) An afferent fibre associated 
with hair is 6-12. in diameter; it innervates a large number of hairs over an 
area ranging from 100 to 500 mm*. (g) There are afferent fibres which arise 
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in the subcutaneous tissue of the cat. (h) There are fibres connected with 
endings which respond to scratching of the skin but not to pressing. (7) Un- 
myelinated fibres subserve perception of heat and mechanical stimuli. 

7. It is highly probable that wide-receptive fibres reach the spinal cord 
through the ventral roots. 


We wish to express our thanks to Dr Kyoichi Oshima for the assistance given to us in the 
publication. 

The expenses of this research have been defrayed in part by a grant to I. Tasaki from the 
Ministry of Education. 
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ANALYSIS OF AFFERENT AND EFFERENT SYSTEMS IN 
THE MUSCLE NERVE OF THE TOAD AND CAT 3 
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From the Tokugawa Biological Institute, Mejrro, Tokyo, and the 
Physiological Institute, Kevo Unwersity, Yotsuya, Tokyo 


(Received 22 June 1951) 


- The method of isolating single nerve fibres (Kato, Kaku & Tasaki, 1935; 


Tasaki & Takeuchi, 1941) enables us to survey all the nerve impulses, afferent 
and efferent, carried by individual nerve fibres, myelinated and unmyelinated. 
This series of experiments was designed to contribute, by means of this direct 
method, to the analysis of afferent and efferent nerve systems by which the 
skeletal muscle is connected with the spinal cord. 

On the large afferent fibre system in the muscle nerve, a considerable 
amount of work has already been done by previous investigators (Forbes, 
Campbell & Williams, 1924; McCouch, Forbes & Rice, 1928; Adrian & 
Zotterman, 1926; Bronk, 1929; Matthews, 1931a,6, 1933). Through these 
investigations, the physiological properties of the sensory nerve endings 
located in the belly of the muscle, i.e. the muscle spindles, have been fully 
elucidated. Matthews (1933) further describes the behaviour of the sensory 
endings lying in the fascia associated with muscle. According to the results of 
our investigation, however, there are at least three other types of sensory endings 
in the muscle, including those corresponding apparently to the tendon organs. 

Turning now to the analysis of the efferent systems in the muscle nerve, 
the well-known work of Adrian & Bronk (1929) gives almost complete informa- 
tion as to the behaviour of the large, quick motor nerve fibres. More recently, 
the physiological properties of the small, slow motor nerve fibre (Tasaki & 
Kano, 1942; Kuffler & Gerard, 1947) have been repeatedly investigated 
(Tasaki, 1942; Tasaki & Tsukagoshi, 1944; Kuffler, Laporte & Ransmeier, 
1947). There is, however, another efferent fibre system in the muscle nerve, 
namely the unmyelinated efferent fibre system. 

We propose in this paper to present the summary of all the results we 
have so far obtained. The main part of this work was done in 1944 at the 


* Present address: Central Institute for the Deaf, St Louis, Mo., U.S.A. 


. 
| 
a 
Bis 


AFFERENT AND EFFERENT SYSTEMS OF MUSCLE 153 


Physiological Institute, Keio University. The paper was originally written in 
1949 before we had seen the work of Kuffler and his collaborators on the small 
efferent fibres of mammals (Kuffler, Hunt & Quilliam, 1951; Hunt & Kuffler, 
 1951a,b). Our conclusions differ from theirs, but we still believe that our 
view represents one function of these fibres even if not the only one. Since we 
have had no opportunity to repeat either our own experiments or theirs, we 
have thought it best to present our conclusions in their original form. 


METHODS 


The experimental arrangements and the technique used for recording the nerve impulses from 
single nerve fibres are essentially the same as those by which the afferent fibre systems in the 
skin nerve were studied (Maruhashi, Mizuguchi & Tasaki, 1952). For the analysis of the afferent 
nerve systems in the toad’s muscle nerve, excised sciatic-sartorius or sciatic-semit 
preparations were used. In these preparations, the operation for isolating single nerve fibres can 
be done at a point on the nerve 10-20 mm away from the muscle. 

_ For the study of the efferent nerve systems in the toad, the muscle nerves entering either the 
gastrocnemius or the tibial muscle were employed. The muscle was carefully dissected out leaving 
its nervous connexion with the spinal cord intact. Special care was taken to minimize bleeding 
during and after the operation. The animal was then fixed to the wooden plate and the operation 
for isolating a single nerve fibre was carried out on the muscle nerve. 

For the experiments on the cat, the nerves innervating the tibialis anterior, flexor digitorum 
longus, gastrocnemius and soleus muscles were preferred. The animal, lying on its back, was 
rigidly fixed to the experimental table. By means of drills through both ends of the femur, the — 
hind-limb was fixed at the desired position on the table. When the efferent nerve systems were 
to be examined, one of the muscle nerves was cut across close to its entrance into the muscle. 
The nerve twig was then separated from the main nerve bundle (peroneal or tibial nerve) for 
a length of about 2 cm, and the isolation of single nerve fibres was performed on this part of the 
nerve twig. In the investigation of the afferent systems, the operation for isolating single nerve 
fibres was done on the distal portion of a severed muscle nerve. 

either by means of a bridge-insulator or by suspending the operated region in the air with one 
of the lead electrodes. To record the action currents, an oscillograph of the Duddell type or 


RESULTS 
Afferent nerve systems of toad muscle 


The fact that all the previous studies on the frog’s muscle afferents baie been 
concerned exclusively with the behaviour of the muscle spindles. gave us 
formerly the impression that there was no other afferent system in frog 
muscle. When, however, we started the present investigation, we at. once 
noticed that there are several afferent systems other than those originating at 
the muscle spindle. 

The results of our investigation indicate that we may roughly divide the 
afferent nerve fibres in the toad’s muscle nerve into four groups. 

Tonicmuscle afferent fibres. In the first, best-known group come those which for 
simplicity. we designate the tonic muscle afferent fibres, originating apparently in 
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the muscle spindles. These fibres are in general between 8 and 12, in diameter. 
When the muscle is subjected to.a sustained stretch, the afferent fibre of this 
type continues to carry a succession of impulses, and this discharge does not 
stop until the muscle is released. In some preparations an irregular discharge 
at a low frequency (below 10/sec) persists in the absence of applied tension 
(Fig. 1). The nerve endings from which these fibres arise are extremely 


| ante "A 


Fig. 1. Discharge of Wine of Kiduoed by stretching 


the muscle. The upper record (A) shows the discharge at the onset of the stimulus, andthe | 


lower record (B) the discharge observed about 30 min after the onset of stretching. The 
diameter of the isolated fibre was 8:5». 25°C. The time marks are 10 msec apart. 


Fig. 2. ‘phasic muscle afferent fibre’ of the toad: induced by stretching 


and relaxing (A) and by pricking the muscle (3). 
25°C. Time, 10 msec. 


sensitive to stretching of the muscle. A discharge in this type of fibre can be 
evoked not only by pulling on the tendon but also by applying light pressure 
to the belly of the muscle. But pricking the surface of the muscle with a pin 
was always ineffective. 

Phasie muscle afferent fibres. The second group, which we call the phasic 
muscle afferent fibres, are those arising from nerve endings that respond to 
a sustained stretch with only a short, transient discharge of impulses. As no 
continued discharge can be evoked in these fibres by a steady tension, their 
presence in the frog’s muscle nerve has been overlooked by previous in- 
vestigators. When the muscle is suddenly released after sustained stretching, 
the nerve endings of this type respond again with a short discharge (Fig. 2); 
a discharge on relaxation of the muscle can never be observed in the tonic 
afferent fibres described above. | 

The size of these fibres is not much different from that of the tonic muscle 
afferent fibres. During an experiment to determine the quantitative aspects of 


<a 
x 
aa 
q 
om 
a 
i 
x 
4 
“a 
a 


AFFERENT AND EFFERENT SYSTEMS OF MUSCLE 155 
the discharge in the tonic afferent fibres (which will be published in a subse- 
quent paper) we made a thorough investigation of twenty-four single afferent 
fibres of over 7» diameter, and we found that five of these fibres were of the 
phasic afferent type. 

The most important characteristic of these afferent fibres is that their 
nerve endings are distributed in the perimysium and possibly in the substance 
of the muscle. The receptive field of a single afferent fibre of this type spreads 


Fig. 3. Fig. 4. | 


Fig. 3. Impulse discharges in a ‘small myelinated muscle afferent fibre’ of the toad. The receptive 
field on the sartorius muscle is shown on the top. The upper oscillograph record (A) shows 
the discharge provoked by stretching. The lower record (B) was obtained by pressing the 
receptive field with a glass rod. Time, 50 c/s. 26° C. 

Fig. 4. Afferent impulses recorded from a small bundle of nerve fibres containing a number of 
unmyelinated fibres arising in the sartorius muscle of the toad. (A), spontaneous discharge; 
(B), discharge induced by stretching the muscle; (C), discharge caused by pricking the 
muscle; (D), a record taken at a high transit speed. The cross marks the action current from 
an unmyelinated fibre. Time, 20 msec. 24° C. ; 


generally over an area covering about one-third to two-thirds of the entire 
surface of the muscle. A light touch on the receptive field, or scratching the 
surface of the muscle, with a sharp needle gives rise to a short discharge of 
impulses. One can readily distinguish phasic afferent fibres from tonic fibres 
by means of this property. | | 

Small myelinated afferent fibres. The third group we may call the small 
myelinated afferent fibres. These are 2°5-5y in diameter, and the endings 
give rise, on stretching the muscle, to an impulse discharge which lasts for 
a considerable period of time but generally for less than 1 sec. The interval 
between the impulses was between 5 and 50 msec at 23°C. The endings of 
these fibres, unlike those of the tonic afferent fibres, are sensitive to pin- 
pricks applied to the surface of the muscle (Fig. 3). The receptive field 
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determined by light pin-pricks was as a rule below 3x5 mm. In some cases 
the endings had so high a threshold to injurious stimuli that it was not possible 
to determine the receptive field very accurately. We have succeeded in isolating 
single fibres of this type in six cases. 

Unmyelinated afferent fibres. The fourth group consists of the unmyelinated 
afferent fibres. There are a number of unmyelinated fibres in the muscle nerve 
(see below). Most of them are efferent fibres coming from the sympathetic 
chain. It seems certain, however, that some of the unmyelinated fibres are 
sensory, transmitting a long train of impulses when the muscle is stretched. 
The frequency of the discharge is generally less than 50/sec at 24° C (Fig. 4). 
As all our observations on unmyelinated fibres were done with multi-fibre 
preparations, the character of the endings of these fibres.could not be examined 
very accurately. 

Afferent nerve systems in cat muscle 

The types of sensory nerve endings found in muscles of the cat do not seem 

to differ a great deal from those present in toad muscle. We have thus divided 


A 


Fig. 5. Afferent impulses recorded from a single ‘tonic muscle afferent fibre’ of the cat. Discharge 
. was induced by stretching (A) arid by pressing the belly (B) of the tibialis anterior muscle. 
The isolated fibre was 15 in diameter. Time, 10 msec. 


the myelinated muscle afferents into tonic, phasic and small myelinated — 
afferent fibres. Matthews (1933) divides the tonic afferent fibres in our 
classification further into A,, A, and B, according to the behaviour of the 
nerve endings during the ‘active contraction of the muscle. 

Tonic afferent fibres. These fibres arise in the nerve endings lying in the belly 
of the muscle near the entry of the nerve. They not only give rise to a tonic 
discharge of impulses on stretching the muscle but also respond to a light 
pressure stimulus applied to the belly of the muscle (Fig. 5). One can readily 
locate tonic afferent endings by pressing various parts of the muscle with 
a blunt glass rod. When the pressure stimulus is applied to a definite point in 
the muscle, a tonic discharge of impulses is observed which ceases as soon as 
the pressure stimulus is withdrawn. ’ Pin-pricks on the surface of the muscle 
are ineffective in eliciting afferent impulses. 

It was shown with multi-fibre preparations that afferent:fibres of this type 
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exist'in all the limb muscles examined. Single afferent fibres from the nerve 
entering the tibialis anterior muscle were successfully isolated on three occa- 
sions. The diameters of these fibres were 12-5, 15 and 16-5. The endings were 
found to be situated at a point slightly above the middle of the muscle: We 
did not examine the behaviour of the endings during contraction. 

Phasic afferent fibres. These can most readily be distinguished from the 
tonic fibres by the sensitivity of their endings to light injurious stimuli. 
A short discharge of impulses was caused by scratching the surface of the 


Fig. 6. Impulse discharges in a single ‘phasic afferent fibre’ arising in the tibialis anterior muscle 
of the cat, induced by stretching (A) and by pricking (B) the muscle. The fibre diameter 
was lly. Time, 10 msec. : 


muscle with a needle, a procedure which did not stimulate the tonic afferent 
endings. The receptive field of a single fibre determined by this method was 
found to spread over one-third to two-thirds of the surface of a whole muscle. 
This should also be contrasted with the limited size of the tonic afferent 
ending. Another property of the phasic afferent endings which served to 
distinguish them from the tonic endings was quick adaptation to constant 
stretch stimulation; the discharge generally came to an end within about 
0-1 sec from the onset of a sustained pull on the tendon (Fig. 6). When the 
muscle was suddenly released after a constant stretch a short discharge of 
impulses was observed, just as in the phasic afferent endings of the toad. 

The diameters of isolated fibres of this type were 11, 8-5, 9 and 10, (fibres 
from the tibialis anterior muscle) and 7 (from the soleus muscle). 

These endings seem to correspond to the type C endings of Matthews (1933). 

Small myelinated afferent fibres. Fibres of this group originate in endings 
which occupy a restricted area on the surface of the muscle. Their properties 
were investigated mainly with multi-fibre preparations obtained after opera- 
tive attenuation of the nerve entering the tibialis anterior muscle. When 
a small number of myelinated fibres of below 7 in diameter were isolated 
from one of the nerve branches entering the muscle, it sometimes happened 
that pressing a definite, restricted part of the muscle with a wooden pin gave 
rise to a relatively long discharge of impulses in one of the nerve fibres left 
uncut. To a sustained pull on the tendon, endings of this type responded with 
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a long tonic discharge. These endings did not seem to exist near the ends of the 
muscle. 

It is very interesting to note that afferent fibres of this type have been 
demonstrated in ‘deafferented’ muscle nerves. In connexion with our 
investigation of the small myelinated efferent fibres (see below) and the 
‘wide-receptive’ skin afferent fibres (Maruhashi e¢ al. 1952), we carried 
out a careful operation to resect five lumbar dorsal root ganglia (4th to 
8th ganglia according to the nomenclature of Eccles & Sherrington, 1930) 


Fig. 7. ‘Afferent’ impulses recorded from # ‘deafferented’ muscle nerve of the cat. The dorsal 
root ganglia had been resected 21 days before the experimentation. Tibialis anterior muscle. 
The upper record (A) was taken from a small nerve branch entering the muscle. The lower 
record (B) was obtained after the number of the active fibres was reduced until only four 
fibres of 4-74 in diameter were left uncut. Discharges were induced by tendon-pulls. 
Time, 10 msec. 


on one side of the spinal cord. In two out of five cats in which the opera- 

tion seemed satisfactory, we looked for afferent impulses in the nerves 
entering the tibialis anterior and soleus muscles. In each muscle nerve 
_ examined we could observe a tonic discharge of impulses in fibres between 
4 and 6 in diameter (Fig. 7). Since no discharge could be observed in the 
large myelinated fibres in those cases, it seemed certain that the ordinary 
afferent fibres of dorsal root origin had suffered degeneration. Histological 
examination of these muscle nerves, in comparison with the nerves on the 
unoperated side, showed that approximately 50% of the total nerve fibres 
had disappeared on the operated side (see below, p. 167). 

As to the origin of the small myelinated ‘afferent’ fibres demonstrated in 
the ‘deafferented’ animals, it seems that there are two possibilities: (1) they 
reach the muscle through the ventral roots, or (2) they are derived from dorsal 
roots above or below those cut. But, as we could record afferent impulses 
from the ventral roots of the cat and the toad (Maruhashi e¢ al. 1952), the first 
possibility seemed to us more probable than the second. In this connexion, it 
may be pointed out that Allen (1925) has demonstrated proprioceptive fibres 
in the motor root of the trigeminal nerve. 

Tendon afferent fibres. These originate in the tendinous part of the muscle. 
Our observations on their properties were made exclusively with the ‘non- 
motor muscle nerve’ entering the extensor digitorum muscle (Kato et al. 
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1935). The uppermost branch of the nerve entering this muscle generally 
contains no motor nerve fibres. It consists of fifteen to forty myelinated fibres 
which can roughly be divided into two groups, one 9-131 in diameter and the 
other below 7p (Fig. 8, top). This bundle leaves the main muscle nerve 
2-3om away from the muscle and approaches the tendinous part of the 
muscle. Such a ‘non-motor’ nerve bundle is found also in the extensor 
digitorum muscle of the rabbit. 


Fig. 8. Impulse discharges in “tendon afferent fibres’ in the ‘non-motor muscle nerve’ of the cat. 
The sketch at the top, right, shows the course of the non-motor muscle nerve from the peroneal 
nerve to the tendinous part of the extensor digitorum longus muscle. The photomicrograph 
at the top, left, shows the cross-section of this nerve bundle, the scale on the left indicating 
10. Oscillograph records A and B show afferent impulses taken from the whole nerve 
bundle. Records C and D were taken from a single fibre of 12 4 in diameter: the discharge 
was induced, in record C, by the start of sustained stretching, and the two impulses in record 

_D were taken during a constant tendon-pull. Records # and F were obtained when a single 
fibre of 5:5 u in diameter was isolated from this muscle nerve; record Z shows the discharge 
at the onset of a stretch stimulus, and record F the discharge observed 1 min later. Time, 
20 msec. 


When afferent impulses were led from this special nerve bundle, it was 
immediately found that both large and small fibres transmit impulses when the 
muscle is stretched. The discharge in small fibres lasts longer than that in 
large fibres, When most of the fleshy part of the muscle was cut off with a pair 
of scissors, the spontaneous discharge in these fibres increased markedly. The 
stretching of the remaining tendinous portion of the muscle still brought about 
& pronounced increase in the frequency of discharge in both kinds of afferent 
fibres, 
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On several occasions we investigated the discharge in a single fibre isolated 
from this nerve bundle: Fig. 8 shows one example of each of the two kinds of 
tendon: afferents. It can be clearly seen that the discharge in the smaller fibre 
lasts much longer than that in the larger one. 

Unmyelinated afferent fibres. We have not succeeded in recording centripetal 
impulses from the unmyelinated fibres in muscle nerves of the cat. 


Unmyelinated efferent fibres 

Toad. When we tease with fine needles the‘nerve entering the gastrocnemius 
or other limb muscles of the toad, we easily. see a number of unmyelinated 
fibres under a low-power microscope. These fibres have a very high threshold 
for induction shocks, about one hundred times as high as that of the large 
motor nerve fibres. The velocity of transmission along these fibres at room 
temperature is less than 1 m/sec and the configuration of their action currents 
is typically slow (see Fig. 9). 

If we lead action currents from a small: bunile of nerve fibres containing 
unmyelinated fibres which are in physiological connexion with the spinal cord, 
we find immediately that groups of efferent impulses are recurring periodically 
in the unmyelinated fibres. The interval between such outbursts of impulses 
in these fibres is somewhat irregular, as can be seen in records 4, B and E of 


Fig. 10. 


Following faradic stimulation of the ipsilateral sidiinal nerve, the discharge 
in unmyelinated fibres innervating the gastrocnemius muscle seemed to 
increase to some extent (records C and D, Fig. 10). The discharge was almost 
completely stopped by removal of all the visible sympathetic ganglia around 
the lumbar nerve plexus, but not by crushing the whole spinal cord if the 
sympathetic chain was left intact. 

Cat. On a few occasions we have examined such efferent discharges in 
unmyelinated fibres in muscle nerves of the cat. These discharges were found 
to be markedly depressed by a hypodermal injection of 2-4 g of ethyl urethane. 

According to Suda and his collaborators (Suda, Abe, Uchiyama & Mizuno, 
1944), injection of various organic salts into the cerebellum induces pronounced 
autonomic reactions, such as rise of blood pressure, acceleration of the 
respiratory movements, etc. This procedure was found to induce discharges 
in fine nerve fibres, entering rabbit or cat muscle, which developed action 
currents of long duration and low conduction velocity. 


Impulse discharges in two kinds of myelinated efferent nerve fibres 
from the spinal cord 
The impulse discharge from the spinal cord in the large and small motor 
nerve fibres of the toad and frog has already been subjected to repeated study 
by Tasaki (1942), taking nerve action currents as index, and by Tasaki & 
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j Tsukagoshi (1944) and also by Kuffler e al. (1947), taking muscle action 
potentials as index. We are concerned in this paper mainly with what we have 


p 


Fig. 9. Fig. 10. 

Fig. 9. A large myelinated nerve fibre and a group of unmyelinated fibres isolated from a muscle 
nerve of the toad and their action currents. The bar in the photomicrograph at the top 
subtends 204. The oscillograph record A was taken at a high transit speed. The record B 
was obtained with an induction shock about 80 times as strong as that in A: the transit 
speed in this case is so low, as can be seen from the time signal of 250 c/s in the middle, that 
the action current from the large myelinated fibre, together with the shock artifact, is seen 
as a faint straight line on the left. 28° C. 

Fig. 10. Centrifugal impulse discharges in a group of unmyelinated nerve fibres entering the 
gastrocnemius muscle of the toad. A and B, spontaneous discharge; C and D, the effect of 
nerve stimulation upon the discharge (faradic stimuli to the ipsilateral peroneal nerve were 
started at the moment marked by the first arrow and withdrawn at the second arrow); 
E, spontaneous discharge; F, discharge observed after crushing the whole spinal cord; 
G, record taken immediately after nerve section. Time, 0-1 sec. 29° C. 


| learnt of the roles played by large and small myelinated efferent nerve fibres 

in the spinal reflexes of the cat. 
In tibialis anterior, gastrocnemius and vastus muscles, which we have used 
in the present investigation, the diameter of large motor nerve fibres was in 
PH. CXVII. 11 
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most cases between 15 and 20 (Tasaki & Tsukagoshi, 1944). An induction 
shock sent into a single nerve fibre of this type sets up in the muscle a quick 
twitch which can well be observed with the naked eye. In the present 
investigation, we have first examined whether or not there are efferent 
discharges of impulses from the spinal cord in the myelinated nerve fibres 
smaller than the large motor fibres referred to above. 

Spontaneous discharges. For the study of the spontaneous efferent discharge 
in myelinated fibres, we used cats under light urethane narcosis (subcutaneous 
injection of 5-10 ml. of 10% urethane solution) or, sometimes, unanaesthe- 
tized cats. One of the small branches of a muscle nerve was cut across near 
its entry into the muscle, and a bundle with one to five nerve fibres of varying 
sizes was isolated from this branch. To preserve the afferent pathway from 
the muscle under investigation to the spinal cord, care was taken not to injure 
other branches of the nerve innervating the rest of the muscle. The diameters 
of the fibres isolated were measured in situ with a medium power microscope 
attached to a movable arm of a heavy iron stand, Action currents were led 
off directly from the operated region of the nerve. Under these experimental 
conditions it was, of course, possible that some of the fibres left uncut were 
afferent and not efferent, but as the connexion of these fibres with the muscle had 
already been severed, we could not examine afferent discharges in those fibres. 

It was immediately discovered by this method that there are efferent 
discharges in small myelinated fibres innervating the extensor muscles. We 
found in fact that such spontaneous efferent discharges are in general limited 

to fibres below 8y in diameter. The frequency of discharge in these small 
_ efferent fibres innervating the vastus or gastrocnemius muscles was as a rule 
10 to 40/sec. Massage of the plantar region of the animal, or pinching the 
dorsal skin, was found to increase the frequency of such spontaneous discharge 

or sometimes to induce long-lasting discharges in new elements. 
It was quite seldom that a spontaneous discharge was observed in a large 
myelinated fibre. In two out of sixteen preparations we observed irregular 
spontaneous discharges (at a frequency below 8/sec) in large fibres, but. the 
discharges lasted for only a few minutes (Fig. 11B). When visible voluntary 
contractions were taking place in the neighbouring limb muscles in un- 
anaesthetized animals, discharges in large fibres were in most cases observed, 
and the frequency of discharge then rose to 10—25/sec. 

When both large and small fibres were taking part in the spontaneous 
discharge, we could demonstrate that the discharge in the large fibre could be 
inhibited by nocuous stimuli applied to the skin of the foot or by induction 
shocks sent into one of the ipsilateral nerves (record B, Fig. 11). As a rule the 
discharge in small fibres was not inhibited by ipsilateral stimulation. In 
a few cases the spontaneous discharge in small fibres to the gastrocnemius 
medialis muscle was enhanced by ipsilateral stimulation. 
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The spontaneous discharge in a small nerve fibre was much more regular 
than that in a large fibre. In five out of twenty-three preparations, groups of 
impulses at 50-100/sec appeared rhythmically with a frequency of 5-10/sec. 
In record A of Fig. 11 it is seen that two small fibres are discharging groups 
of impulses, We have seen a similar phenomenon in both the quick and slow 
motor units of the strychninized toad. 


Fig. 11. A, discharge of impulses from the spinal cord in small myelinated nerve fibres. Action 
currents were led from six myelinated nerve fibres between 15 and 4, in diameter, inner- 
vating the gastrocnemius muscle of a cat under urethane. Two fibres below 6, are dis- 
charging groups of impulses in rotation. B, effect of ipsilateral stimulation on the spon- 
taneous discharge in two kinds of nerve fibres from the spinal cord. Cat under urethane. 
head of gastrocnemius. Time, 10 msec. 


Fig. 12, Cat under urethane. Action currents recorded from three myelinated fibres of below 
5 in diameter innervating the medial head of gastrocnemius. A, spontaneous efferent 
discharge from the spinal cord; B, increase in the frequency of discharge by decerebration; 
C, record taken about 10 min after decerebration; D, increase oi the frequency by repetitive 
induction shocks applied to the contralateral sciatic nerve (started at the arrow). Time, 
10 msec. 


Decerebration. Decerebration of the cat at the intercollicular level was 
always found to increase the frequency of disci..:¢: in the small nerve fibres 
to an extensor muscle (Fig. 12). The frequency was generally as high as 
30-90/sec immediately after decerebration and fell during about half an hour 
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to 15-30/sec. When the frequency of discharge had become steady, the muscle 
was gently stretched by pulling the tendon so as to send afferent impulses 
into the spinal cord through the tonic afferent fibres in the remaining muscle 
nerves, The procedure invariably increased the frequency of discharge in the 
small fibres. 

Even in the decerebrate cat persistent discharges in large fibres were only 
rarely seen. Outbursts of efferent impulses in both large and small nerve 
fibres occurred during the transection of the brain stem, but the discharge in 
large fibres subsided within about 10 sec after the operation, and, when the 
limb muscles were in the state of decerebrate rigidity, discharge of impulses 
from the spinal cord was in general limited to the small nerve fibres. 

We observed long-lasting spontaneous discharge in large fibres in only 
three out of twenty-three cases in which nerves entering extensor muscles of 
decerebrate cats were examined (we examined one multi-fibre preparation on 
each cat before, during and after decerebration). In these three cases, the 
frequency of discharge in the large fibres was between 8 and 25/sec. When 
a spontaneous discharge in the large fibres was absent in a decerebrated animal, 
stretching the muscle under investigation (so as to send afferent impulses 
through the remaining muscle nerves) or repetitive stimulation of the contra- 
lateral nerves was generally found to be effective in initiating a short, unstable 
discharge (see later). 7 

Reflex discharges. We shall now turn to the role of these two kinds of 
efferent nerve fibres in the spinal reflexes. The ipsilateral flexion reflex was 
studied on one of the muscle nerves innervating the tibialis anterior muscle 
of the spinal cat. A nerve branch was cut near its entrance into the muscle 
and was freed from the surrounding tissue for a length of a few centimetres. 
Several fibres, large and small, were isolated from this freed portion of the 
nerve, and their diameters were measured with a low-power microscope. The 
ipsilateral tibial nerve was severed near the foot joint and a pair of stimulating 
electrodes was placed near its distal stump. | 

It was shown by this method that both the large and small fibres are brought 
into play in the flexion reflex. When the stimulus (repetitive induction shocks 
from a Porter coil) was strong enough, the spinal cord was found to discharge 
trains of impulses in both large and small nerve fibres. In all cases the 
impulse discharge in the small fibres could be induced more readily and its 
frequency was higher than that in the large fibres. Furthermore, it was 
observed that the discharge in the large fibres ceased immediately after with- 
drawal of the stimulus, whereas the small fibres continued to discharge for 
some time after cessation of ipsilateral stimulation (Fig. 13). 

In many cases we saw spontaneous discharges of impulses at a frequency 
below 5/sec in the smuil fibres entering flexor muscles of the spinal animal. 
During the flexion reflex the frequency of discharge in the small fibres was 
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at times as high as 90/sec. We did not examine the relation between the 
frequency of discharge in the efferent fibres and the frequency of induction 
shocks applied to the ipsilateral nerve. 

In the investigation of the roles of the two kinds of efferent nerve fibres in 
the crossed extension reflex we used decerebrate cats. Action currents were 
led from a few nerve fibres, large and small, entering one of the heads of the 
quadriceps or gastrocnemius muscle. When volleys of impulses were sent into 


Fig. 13. Impulse discharges in large and small myelinated nerve fibres in the ipsilateral flexion 
reflex. Action currents were led from three fibres (20, 5 and 4, in diameter) innervating 
the tibialis anterior muscle of a spinal cat. 


the contralateral sciatic nerve at a stage when the spontaneous discharge was not 
very conspicuous, it was observed that first the small fibres, and then the large 
fibres, were ‘recruited’ in the reflex (Fig. 14). When, at this stage of the reflex, 
repetitive induction shocks were delivered to one of the ipsilateral nerves, 
discharges in the two kinds of afferent fibres suffered immediate inhibition. 
It was thus found that both the large and small fibres take part in the crossed 
reflex (see also Fig. 15). 


Motor effects of the impulses in efferent fibres 

In 1930, Eccles & Sherrington carried out a thorough investigation on the 
contraction values of individual motor-units in several muscles of the limb. 
The method they adopted consisted in dividing the maximum tension 
developed by the whole muscle by the number of nerve fibres entering the 
muscle via the ventral roots. In this series of experiments, we tried to deter- 
mine contraction values of the cat motor units directly by isolating individual 
motor nerve fibres and to compare the results with those obtained by the 
method of Eccles & Sherrington. 

The hind-limb of the spinal cat was rigidly fixed to the experimental table 
by means of drills through both ends of the femur. One of the muscle nerves 
of the limb was cut across centrally and a single fibre of about 204 diameter 
was dissected out at a point 2-6 cm from the muscle. The distal one-third of 
the muscle was freed from the surrounding tissue and the maximum tension 
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developed by tetanic stimulation of the nerve fibre was measured by the 
method described previously (Tasaki & Mizutani, 1944). During the operation, 
care was taken not to impair the blood supply of the muscle, The initial 
tension imposed upon the muscle was in all cases 50 g. The room temperature 
was kept at 25° C. 


On 


Off 


Fig. 14. Impulse discharges from the spinal cord in the contralateral extension reflex in a de- 
cerebrated cat. Action currents were led from five fibres of between 18 and 5 in diameter 
innervating the vastus medialis muscle. Induction shocks were applied to the contralateral 
peroneal nerve. In the record B, note a ‘double response’ (cf. Gilson & Mills, 1941) in one 
of the large fibres. 


Off 


Fig. 15. Inhibition of contralateral extension reflex by induction shocks applied to the ipsilateral 
peroneal nerve. Action currents were led from five fibres, between 20 and 5, innervating 
the lateral head of gastrocnemius of a decerebrated cat. The crossed reflex was maintained 
by continued stimulation of the contralateral peroneal nerve. Only one fibre of 5 yu is active 
in the crossed reflex. Time, 10 msec. 


The results of our measurements were as follows: 
M. tibialis anterior: 0-8, 1-0, 0:4, 1-7, 2:0 g. 
M. gastrocnemius: 1-8, 1-0, 1-0, 0-6 g. 
M. extensor digitorum longus: 1-0, 0-9 g. 
M. soleus: 2-0, 0-9 g. 
In all cases, the diameter of the nerve fibre isolated was between 18 and 20. 
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The contraction values of individual motor units were, under the conditions 
of our experiments, far less than the values of 8-30 g predicted by Eccles & 
Sherrington. | 

We measured next, with somewhat primitive arrangements, the maximum 
tension developed by the muscle during tetanic stimulation of the whole muscle 
nerve under conditions similar to those in the preceding experiments.. The 
results obtained are as follows, the first figure in each case being the tension — 
in kg, and the bracketed figure the weight of the cat in kg: 


M. tibialis anterior: 2-8 (3-5); 0-8 (1-8); 1-8 (2-0); 2-3 (2-5); 1-3 (1-7). 
M. gastrocnemius medialis: 1-1 (1-5); 1-0 (1-6). 

M. extensor digitorum longus: 0-8 (1-8); 1-6 (2-0); 1-2 (1-8); 1-5 (1-8). 
M. soleus: 1-7 (2-0); 1-8 (2-9); 1-3 (2-8); 1-6 (2-0). 


The contraction value of the whole soleus muscle in this table agrees well 
with the value obtained by Eccles & Sherrington. The value for the gastro- 
cnemius muscle was much less in our results than in those of British workers, 
due at least partly to the low initial tension in our experiments. We adopted 
an initial tension of 50 g in all cases because we had carried out observations 
on individual motor units under that condition. 

We also counted the myelinated fibres which reach the limb muscles through 
the ventral roots. Several muscle nerves were taken from the cats which 
survived for 3-4 weeks after resection of five dorsal root ganglia (from 4th to 
8th lumbar roots according to the nomenclature of Eccles & Sherrington). 
The nerves were fixed in 15% formal and were submitted for histological 
examination. 

Fig. 16 gives an example of the results thus obtained, showing the fibre- 
size distribution in muscle nerves on the operated and unoperated sides. The 
ratio of the number of myelinated nerve fibres on the operated side to that 
on the unoperated side was approximately 1 : 2; in five out of the six cases it 
was between 0-4 and 0-55. The distribution on the operated side agrees well 
with the data obtained by Eccles & Sherrington. The difference between the 
two histograms in the figures gives an idea of the distribution of the fibres 
connecting the muscle with the spinal cord by way of the dorsal roots. 

In estimating the average contraction value of single motor units, Eccles 
& Sherrington adopted the method of dividing the tension of the whole muscle 
by the total number of the myelinated fibres reaching the muscle by way of 
the ventral roots. It has now become evident that in the cat the contraction 
value obtained by this method gives a value much greater than that obtained by 
a direct measurement on the motor-unit preparation. For all the limb muscles 


_ mentioned above, the number of myelinated fibres of ventral root origin was 


between 200 and 400. The possibility that some of the small myelinated fibres 
may be afferent and that the small efferent fibres may develop only small 
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tension seems to aggravate the discrepancy between the calculated and 
observed contraction values. We cannot at present give any definite explana- 
tion for this discrepancy (cf. Tasaki & Tsukagoshi, 1944, p. 249.) 

For the toad muscle the situation seems to be entirely different. The maxi- 
mum tension developed by the toad sartorius muscle (on tetanic stimulation 
of the whole nerve) is on the average 300 g and the average tension caused by 
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Fig. 16. Number of myelinated nerve fibres plotted against myelin sheath diameters in nerve of 
m. tibialis anterior of a cat of which five lumbar spinal root ganglia had been resected on one 
side. Spinal root ganglia were resected from No. 4 to No. 8: period of degeneration was 
27 days. Solid line shows the data for the deafferented side, sampled by 359 fibres. Broken 
line, for the normal, control side sampled by 681 fibres. Counts were taken at a point about 
2cm away from the muscle. The outside diameters in the living nerve fibres appear to 
correspond to approximately 130 % of the diameters in these fixed and stained preparations. 


stimulation of a single large motor nerve fibre is about 40 g. As the number of 
the myelinated fibres of above 8y in diameter entering into this muscle is 
approximately 14, it is possible to assume that the number of motor units is 
such that the whole muscle develops a tension which is given by simple 
addition of contraction values of individual motor units. 

Turning now to the problem whether or not the small efferent fibres described 
above have motor functions, we made an attempt, on several deafferented 
cats, to cut all the large motor nerve fibres in a muscle nerve and to demon- 
strate either slow muscle action potentials or slow muscular contractions on 
stimulation of the remaining small nerve fibres. In spite of our strenuous 
efforts the attempt turned out to be unsuccessful. 


DISCUSSION 
The fact that we have failed to demonstrate slow muscular contraction by 
stimulation of single small efferent nerve fibres may seem to suggest that 
they do not have motor functions at all. There seems to us, however, good 
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- geason to believe that they are motor nerve fibres, just as in the toad and 


frog. Our reasons are as follows: 

(1) The behaviour of the impulse discharge in the small efferent fibres of 
the cat resembles, in a high degree, that in the small motor fibres of the toad. 
In decerebrate rigidity and in spinal reflexes of the cat, the strength of the 
tonic contraction of the muscle appears to vary as the frequency of discharge 
in the small efferent fibres. 

(2) In the cat, as well as in the toad and frog, a single impulse in one large 
motor nerve fibre elicits in the muscle a quick, visible contraction. Therefore, 
a discharge at a low frequency in the large motor fibres would be expected to 
cause a tremor and not a smooth contraction. 

(3) In the toad tetanic contraction of the muscle caused by a faradic 
stimulation of a single large motor fibre develops a tension as large as 50 g, 
and by faradic stimulation of a single small motor fibre, a tension of about 
5 g (Tasaki & Mizutani, 1944). In the cat one large motor fibre can develop 
a tension of only a few grams. It is not surprising, therefore, if a contraction 
caused by a few ‘small motor nerve fibres’ in the cat is too weak to be observed 
directly. 

(4) In excitation of a single motor nerve fibre, electric ‘current’ developed 
by the active muscle fibres spreads over surrounding inactive muscle fibres: 
the potential generated by this current on the surface of the muscle (i.e. the 
muscle-action potential) becomes smaller as the number of inactive muscle 
fibres, intervening between the active muscle fibres and the lead-off electrode, 


~ increases. This seems to provide a reasonable interpretation of the fact that 


in the cat the muscle-action potential resulting from excitation of a single 
large motor fibre is of small and variable magnitude (0-05-0-5 mV), and also 
to the fact that we could only rarely record muscle action potentials by 
stimulation of a fibre below 10, in diameter (Tasaki & Tsukagoshi; 1944). 
As has been stated above, the number of quick motor units involved in one 
limb muscle of the cat is between 100 and 300, while the number in the toad 
muscle is generally between 10 and 30. | 

Thus we regard the difference in the experimental results for the cat and 
the toad to be merely quantitative, and not qualitative, and assume, as 
Haggquist (1940) does, the existence of a dual motor innervation in mam- 
malian muscle. 

In the spinal reflexes both large and small motor nerve fibres behave as if 
they served to develop tension in the muscle. The tonus of the muscle is 
considered to be caused mainly, if not exclusively, by the activity of the small 
fibre system. 

_ The well-known experiments of Adrian & Bronk (1929) have elucidated the 
role of the large motor fibres in spinal reflexes and in decerebrate rigidity. 
The results they obtained seem to indicate that decerebrate rigidity 1s 
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maintained by the large motor fibre system. But, as their observation is con- 
sidered to be made with preparations containing a relatively large number of 
large motor fibres, it seems possible to reconcile their results with ours. As has 
been described above, we have observed on a few occasions long-lasting 
discharges in large motor fibres of the decerebrated cat, and the frequency of 
discharge we observed (8-25/sec) is in good agreement with the value obtained 
in England. The discharge i in the small fibres was much higher than that in the 


large fibres. 


| SUMMARY 

1. By the method of recording action currents from individual nerve fibres, 
an attempt was made to survey the functions of all the nerve ares contained 
in the muscle nerves of the toad and the cat. 

2. Afferent nerve fibres arising in the toad muscle were classified into four 
groups. (a) The tonic afferent fibres arise in the belly of the muscle where the 
muscle spindles are located: they are 8-12 in diameter, and have been 
investigated extensively by previous workers. (b) The phasic afferent fibres 
are 7-11, in diameter and arise in the perimysium. (c) The small myelinated 
afferent fibres are 2-5-5, in diameter: some respond to an intense stretching 
or to injurious pin-pricks with only few impulses. (d) Slow afferent impulses 
were recorded which apparently travel along unmyelinated fibres. 

3. In the muscle nerve of the cat there are also tonic, phasic and small 
myelinated afferent fibres, similar to those found in the toad muscle nerve. 
The small myelinated afferent fibres seem to reach the spinal cord, at least 
partly, by way of the ventral spinal roots. Large and small tendon afferent 
fibres were isolated from a ‘non-motor’ bundle entering the extensor digitorum 
muscle. 

4, The toad’s muscle nerve contains a large number of unmyelinated 
efferent fibres which transmit slow impulses from the sympathetic chain to 
the muscle. Similar slow efferent impulses were recorded from the rabbit and 
cat muscle nerves. 

5. It was concluded that the tonus and the decerebrate rigidity in the cat 
muscle are maintained mainly by the activity of the small myelinated efferent 
nerve fibres. Both large and small efferent fibres take part in the spinal 
reflexes. In all cases, impulse discharges in small efferent nerve fibres are 
provoked more readily than discharges in large motor fibres, and the frequency 
of discharge is higher in the small fibres than in the large ones. 


We desire to express our appreciation of the assistance given by Dr Miyoshi Tsukagoshi, 
Dr Isamu Suda and other members of the Physiological Institute, Keio University. Our thanks 
are due also to Mrs Noburo Kamiya for help in preparing the manuscript of this pee 
publication. 

The expenses of this research have been in part defrayed by grants to I. Tasaki from the 
Ministry of Education. 
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Note added in Proof. Discovery of the slow motor nerve fibre in the frog was reported by 
Vereshchagin, Zhukov & Bogomolova (J. Physiol., U.S.S.R., 1947, 38; 1949, 35) without 
knowing the report by Tasaki & Kano (1942). 
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- THE EFFECT OF INJECTION OF HYPERTONIC SALT 
SOLUTION ON THE CHLORIDE CONTENT OF 
MAMMALIAN SKIN 


By M. GRACE EGGLETON 
From the Department of Physiology, University College, London 
(Received 15 October 1951) 


Until recently, it was generally accepted that movement of fluid between 
intra- and extracellular compartments in the body was governed solely by 
osmotic forces. Doubt has now been cast on this conception by Robinson 
(1950), who has shown that, in the case of kidney tissue at any rate, the volume 
of the cells varies with their metabolic activity although the composition of 
the surrounding fluid is kept constant. When hyper- or hypotonic solutions 
are introduced into the blood stream, however, they undoubtedly induce 
a large shift of water from one compartment to the other. The only apparently 
- anomalous tissue is the skin which, according to a statement in the text-books, 
actually stores salt when a hypertonic solution is injected. The basis for this 
statement lies in the work of Padtberg (1910), who analysed the skin and blood 
of five dogs for chloride and water content before and after injection of 20 ml. 
of 30% NaCl solution; but many subsequent workers have interpreted their 
results in the light of his findings. A critical examination of his results, 
however, suggested that such apparently anomalous behaviour of one tissue 
demanded further investigation and this has now been made both in the cat 
and dog. 
- METHODS 


Both cats and dogs were anaesthetized with pentobarbitone sodium. In order to avoid loss of the 
injected salt solution in the urine, either the ureters or the renal pedicles were tied. The skin of the 

inner surface of the thighs and, when necessary, the axillae was cleared of hair either by electric 
Clippers, by close cutting with scissors or by shaving. One external jugular vein was used for 
introduction of fluids and the opposite carotid artery for withdrawal of blood. 

Thirty to sixty minutes after completion of the abdominal operation, the skin of one thigh was 
removed, as free from underlying connective tissue as possible, and analysed for water and 
chloride content. A sample of muscle (gracilis in the cat, sartorius in the dog) was next removed 
for similar analysis, followed by a blood sample. A 20% solution of NaCl was then slowly injected 
intravenously, approximately 10 ml./kg body weight. After a period of 1-5 hr, further samples 
of skin, muscle and blood were obtained and analysed in the same way; also, in a few experiments, 
samples of other tissues. 
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' The water content was obtained by drying skin, muscle and plasma at 105-110° C for 17~24 hr. 
Chloride was determined in a protein-free trichloroacetic acid extract by titration electrometrically 
with 0-02N-AgNO,. All values of chloride in the text are expressed in terms of NaCl. Maceration 
of the skin proved difficult until it was found, by trial and error, that the dried sample could be 
ground quite readily in 10 % trichloroacetic acid if it had been allowed to soak in it a short time. 
Similarly, dried muscle was much more easily handled than was fresh muscle. With both tissues, 
therefore, analysis of water and of chloride was made on the same sample. It is a matter of — 
exceedingly tough on drying. 


RESULTS 


The effect of injection of hypertonic NaCl solution was, in general, as expected. 
In all experiments the chloride concentration of the plasma increased as did 
also its water content, indicating a withdrawal of water from cells impermeable 
to NaCl. Skeletal muscle showed a consistent decrease in water content and 
an increase in chloride concentration proportionately greater than that 
occurring in the plasma (Eggleton, 1951), indicating an increase in inter- 
cellular fluid, masked by a greater decrease in intracellular fluid. 

In all other tissues examined at the end of the experiment, i.e. after the 
NaCl solution had been injected, the chloride concentration in tissue water was 
less than that in plasma water, although the difference was not as great as that 
obtaining in skeletal muscle. Eight samples of liver showed a value of 
0-45-0°78 (average 0-57), three samples of spleen 0-50-0-60, one sample of 
heart 0-52 and three samples of kidney (when the ureters had been tied) 
0-58-0-83. Skin proved to be the only exception. 

In three cats and two dogs the initial chloride concentration in skin water 
was lower than that in plasma water, as had been expected, but in the 
remaining twelve cats and two dogs it was higher. In four of the former 
group of five, injection of hypertonic NaCl solution resulted in a relative 
increase in the chloride concentration in skin water and in the majority of the 
latter group, a relative decrease. The detailed results of one experiment of 
each type are given in Table 1. 

Since the interstitial fluid contains so much more water than do the cells, it seems more reason- _ 
able to compare the chloride concentration in the water of each tissue (defined, in the case of 
muscle, by Conway & Cruess-Callaghan (1937) as ‘permeation’) than in the tissue as a whole. 
When allowance is made for the difference in method of calculation, the present results agree with 
those obtained in gracilis muscle in earlier work ; the average value of 0-224 (nineteen cats) would 
be reduced to 0-182 (calculated on the basis of whole tissue) as compared with an earlier value of 
0-192 (twenty-five cats, unpublished). The above values of 0-224 and 0-182 rise to 0-303 and 0-235 
respectively (sixteen cats) following the injection of hypertonic NaC! solution. | 

The initial values of the ratio of chloride concentration in skin water/ 
chloride concentration in plasma water (hereafter referred to as Cl,,/Cl,) ranged 
from 0°78 to 1:28. It is known that skin contains a high proportion of inter- 
cellular fluid and that this is much more labile than is that of muscle (Skelton, 
1927). It seems not unlikely, therefore, that the variation in chloride content 
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might be attributed to varying degrees of hydration, for many of the animals 
were used direct from the dealer. The ratios greater than 1 indicate that there 
is also some ‘bound’ chloride. 

After administration of the hypertonic solution, the cells shrink and the 
resulting increase in extracellular fluid is shared by the blood plasma and 
intercellular fluid. In seventeen out of eighteen cats and in two of the four 
- dogs the water content of the skin was increased, indicating that in this 


TaBLz 1. The changes in water and chloride content of tissues following intravenous 


injection of hypertonic NaCl solution 
Concentrations (g/100 g) 
‘Water Chloride Chloride 
in tissue in tissue in water 
A. Cat, 3-45 kg. 22 ml. 20 % NaCl solution injected and tissues removed 3 hr later 
} ‘ Plasma Before 91-4 0-71 0-78 (a) 
After 3-2 1-02 1-11 (6) 
Skin Before 58-2 0-53 0-89 (c 
After i068 1-12 ( 
Muscle Before 72-2 bs 0-23 (e 
After 71-6 0-37 
Ratio: (c)/(a) 1-15 ‘lta 0-30 
(d)/(o) 1-01 0-34 


B. Cat, 1-96 kg. 17 ml, 20% NaCl solution injected and tissue removed 3-5 hr later 


Plasma Before 91-9 0-71 0-78 (a) 
After 93-5 1-12 1-20 (6) 
Skin Before 60-2 0-37 0-61 ya 
After | 60-8 0-61 1-00 ( 
Muscle Before 74:3 0-12 0-17 (e 
After 71-6 25 0-35 
Ratio: (c)/(a) 0-78 (e)/(a) 0-22 
(d)/(b) 0-84 )/(b) 0-29 


tissue, in contrast with skeletal muscle, the increase in intercellular fluid more 
than compensates for any reduction in cell volume, The rise in the (Cl,,/Cl, 


ratio when the initial value was less than 1 and the fall in ratio when the 


initial value was greater than 1 suggests that, when the volume of inter- 
cellular fluid increases, the amount of ‘bound’ chloride does not, or not to so 
great an extent; it therefore becomes a proportionately smaller fraction of the 
total chloride content of the skin. The relationship is fairly regular, as may be 
seen in Fig. 1, where the change in ratio has been plotted against its — 
value. 

It is not possible to shift the chloride concentration of the body fluids in 
a downward direction with any ease, but it seemed of interest to know how the 
chloride concentration in the skin would respond to a diminished chloride 
concentration in the extracellular fluid. Consequently, pieces of skin were 
equilibrated for some hours with fluids whose chloride content ranged down 
to 0-024% (w/v) NaCl. 
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a. 


he sol d a fixed amount of KCI, CaCl, and NaHCO, and, when équilibrated with 
a 5% CO, 95% O, gas mixture, had a pH of 7-4. The total Cl content was varied by replacing 
NaCl with an osmotically equivalent amount of sodium acetate or, in two experiments, by 
Na,SO,. The solutions, 40-50 ml. of each, were placed in tonometers, equilibrated with the gas 
mixture and warmed to 36-37°C. Pieces of thigh skin were weighed before introduction into 
each tonometer, which was then refilled with the gas mixture and rotated in a water-bath at the 


_ above temperature for 2-5 hr. The pieces of skin when removed were gently wiped on filter-paper, 


re-weighed, and the total water content determined, followed by analysis of total chloride content. 
The chloride concentration of the various solutions was also analysed. In a few experiments, not 
only was all the NaCl replaced by acetate, but the KCl by K,SO, and in some of these the skin was 


removed after 1 hr and replaced in a fresh solution. By this means a final chloride concentration 


as low as 0-024% NaCl was attained in the soaking fluid. 
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Fig. 1. The relationship between the initial Cly/Cl, ratio (abscises) and the change in this ratio 
(ordinate) induced by intravenous injection of hypertonic NaCl solution. +, cats; @, dogs. 


TaBtx 2, The effect of varying chloride concentration in the fluid surrounding skin on the relation 
between chloride concentration in skin'water and chloride concentration in fluid. Equilibration 
at pH 7-4 and 36° C for 3 br 


Weight of skin (mgNaCh/100 ml. H,0) in 
t of ski . 

A Gain [7 A Ratio: 
Initial Final (%) (a) Skin (b) Fluid (a)/(b) 
1-206 1:331 (105 472 440 1-07 
1-396 1-544 10-5 288 245 1:17 
1-691 2-003 185 201 164 1-22 
2-075 2-259 9-0 138 74 1-87 


The results of one such experiment are given in Table 2. In this, as in the 
remaining eleven experiments; the ratio of chloride concentration in skin 
water/chloride concentration in the surrounding fluid (hereafter referred to as 
Cl,z/Cl,) increased when the chloride concentration in this fluid was diminished. 
The ratio was in most cases greater than 1 even in the more concentrated 
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chloride solutions, which may be due to the variable, and sometimes consider- 
able, swelling of the tissue. This swelling ranged from 9 to 35% of the initial 
weight, with an average value of 19-5 +1-0% (standard error of the mean) in 
the thirty-nine observations made. This led to doubt as to whether the skin 
samples remained alive under the conditions of these experiments, though in 
one sample in which 100% swelling occurred (omitted from Fig. 2), the ratio 
was only 0-84 instead of an expected 1-25 and it was concluded that the skin 
in this case was dead. 

More positive evidence of continued life in other samples was obtained by 
measurement of their oxygen consumption. On three occasions small samples 
were removed at the end of the soaking period and their rate of oxygen con- 
sumption measured in a Warburg apparatus. Their oxygen usage was found 
to be less than that of skin freshly removed from the body, but was never- 
theless quite substantial and of the same order as that found in other animals; 
Krebs & Johnson (1948) quote values of 1-4 ml./g dry weight/hr for adult 
human skin and about 1 ml. for rabbit, fowl and pigeon. Only two of the nine 
samples of cats’ skin tested in the present research gave values less than 
0-4 ml./g dry weight/hr, the remainder varying from 0-4 to 1-5 ml. The values 
did not vary with the chloride concentration and one of the highest was given 
by skin which had been soaked in fluid containing only 0-06 mg NaCl/100 ml. 
The relationship shown in Table 2 can, therefore, be accepted as indicating the 
behaviour of living skin. | 

The variations of Cl,,/Clq ratio with chloride concentration in the fluid 
surrounding the skin might well be due to a process of adsorption. If this were 
so, the relationship between the logarithms of these values should fall about 
a straight line. The results of all twelve experiments have been so plotted in 
Fig. 2 and the straight line fitted in the usual way. It is not a convincing fit. 
In Fig. 3 the results are presented in a different way ; the chloride concentration 
in skin water has been plotted against chloride concentration in the surrounding 
fluid and the straight line fitted. In view of the scatter of points, one’s general 
impression that the line in this case fitted better than that in Fig. 2 was 
subjected to statistical analysis. Calculation shows that if the straight-line 
relationship in Fig. 3 is correct, then the values in Fig. 2 should lie around the 
curve drawn in full line. If, however, the straight-line relationship (broken 
line) in Fig. 2 is correct, then the points in Fig. 3 should lie around the curve 
drawn in broken line in that figure. It is clear that the curve in Fig. 2 and the 
straight line in Fig. 3 make the best fit. Moreover, the fact that five values 
obtained at higher chloride concentrations in the surrounding fluid (0-5-1-24 % 
NaCl) yielded an average Cl,,/Cl, ratio of 0-975 is overwhelmingly in favour 
of this conclusion. If the straight line in Fig. 2 were correct, the ratio at 
1-24% NaCl should be only 0-72 instead of the observed 0-975; whereas, if the 
straight line in Fig. 3 were correct, the ratio would be 0-970. 
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Fig. 2. The relationship, in logarithmic form, between the Cl,,/Clg ratio (ordinate) and the Cl 
concentration in the fluid surrounding the skin (abscissa) after equilibration between the 


two. 


Cl concentration in skin (mg NaCi/100 mi. H.0) 


500 
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Cl concentration in surrounding fluid (mg NaCi/100 mi.) 


Fig. 8. The relationship between the chloride concentration in skin water (ordinate) and the 
chloride concentration in the surrounding fluid (abscissa) with which the skin has been 


equilibrated. 
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The straight line in Fig. 3 cuts the ordinate just above 50 mg NaCi/100 ml. 
skin water. This value can be calculated separately for each sample and gives 
an average value of 53 + 3-0 mg NaCl/100 ml. skin water. The simplest inter- 
pretation of the results would seem to be that of free interchange of chloride 
between surrounding fluid and all the skin water, together with a fixed amount 
of chloride bound in the skin and unaffected by the absolute concentration of 
chloride in the fluid. There is no evidence of any increase in the amount of 
bound chloride when the concentration of this ion is raised above normal. 

If diffusion of chloride between skin and surrounding fluid occurs only through the inner surface 
of the skin, it is conceivable that the time allowed for equilibration was insufficient and that the 
apparently ‘bound’ chloride was in fact diffusible chloride in the outer layers of the epidermis. 
Were this hypothesis correct, the points representing samples equilibrated for the shortest time 
(2 hr) should lie above the straight line in Fig. 3, and those equilibrated for the longest time (5 hr) 
below the line. Actually there is no such correlation; variation of the points above or below the 
line bears no relation to the time of equilibration. 

Although the skin samples under these artificial conditions were still alive, 
in the sense that they continued to use oxygen, their behaviour was different 
in some respects from that in the whole animal. In the latter, the total 
chloride concentration in the skin water was sometimes found to be less than 
that in plasma water, indicating that the whole tissue water was not freely 
permeable to chloride. Cell permeability is known to be affected by adrenal 
cortical hormones and lack of these may be responsible, not only for the 
greater permeability under the artificial conditions, but also for the fact that 


all skin samples, even one in hypertonic solution, swelled during the course of 


the experiment. 
DISCUSSION 


The results obtained do not confirm those of Padtberg (1910), who concluded 


that when a hypertonic solution of NaCl was injected, some of the salt was 


stored in the skin. The five dogs used by Padtberg all showed an initial chloride 
concentration in skin water lower than that in plasma water and a similar 
relationship has been observed by Laramore & Grollman (1950) in rats. The 
same is also true of some of the animals used in the work reported here. The 
fact that in the remainder the chloride concentration in skin water was initially 
higher than that in plasma water indicates that in these, and probably in all, 
a certain amount of chloride is ‘bound’ in some way. 

On injection of hypertonic NaCl solution into this latter group of animals, 
the chloride concentration in skin water relative to that in plasma water 
actually falls, a result which suggests that the amount of ‘bound’ chloride has 
become smaller in relation to the total chloride content of the skin. Experi- 
ments in which skin was soaked in solutions of widely varying chloride con- 
centration suggest that this ‘bound’ chloride is a constant amount, unaffected 
by changes in concentration of chloride in the surrounding fluid even when 
this concentration is reduced to 0-024% NaCl. The chloride is not, therefore, 
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adsorbed, but more probably in chemical combination with some indiffusible 
substance within the skin cells. Chloride is known to combine with proteins, 
but so little is known of the properties of proteins in the skin that identification 
of them with the hypothetical indiffusible substance is not at present per- 
missible. There was no suggestion of any increase in the amount of bound 
chloride when the skin was equilibrated with solutions’ containing higher 
concentrations than normal and the results, therefore, offer no support to the 
suggestion that NaCl can be stored in the skin when an excess is ingested. 

The great inconsistency to be observed in Padtberg’s results suggests that 
undetected technical errors may have been partially responsible for his con- 
clusions. Thus, the water content of the skin was increased in two animals, 
remained unchanged in two and decreased in one. Similarly, the water content 
of the blood was increased in two, decreased in two, and remained unchanged 
in the fifth. Even the chloride content of the blood appeared to fall as a result 
of the hypertonic NaCl solution injection in one animal, though it rose from 
1 to 30%, of its initial value in the remainder. Another possible source of error 
may lie in the fact that 40-80% of the injected salt was excreted in the urine 
during the course of the experiment. 

The results of Baird & Haldane (1922) on man, which led them to conclude 
that ‘excess salt is mainly stored in the tissues along with far less water than 
is needed to dilute it to isotonicity’, and a similar experiment performed by 
Adolph (1921), are capable of another interpretation. They gave a large dose — 
of NaCl by mouth (38 and 30 g respectively) and followed its rate of excretion 
during the following 8 and 12 hr respectively. At that time, only 20 of the 38 g 
and 24 of the 30 g had been excreted, but in both instances a steady diuresis 
(though considerably smaller than its peak value) continued, the urine con- 
taining just under 2° NaCl. It is now well known that the kidney is incapable 
of excreting a higher concentration than this under any conditions, and calcula- 
tion shows that the excess remaining unexcreted at the end of the experiments 
would have been eliminated within the following 10 and 6 hr respectively, 
assuming the steady diuresis (1-7 and 1-3 ml./min) to have continued. 

As a result of injecting water intravenously into nephrectomized rabbits, 
O’Connor (1937) also came to the conclusion that ‘there is a storage of Na and 
Cl from which these ions can be obtained to restore normal ionic concentrations 
in extracellular fluids’, but his technique is open to serious criticism. The 
animals had been kept without food or water for 24 hr before the experiment 
and double nephrectomy performed 18 hr before. Blood samples (venous) of 
3-4 ml. were removed four times within 2 hr and even three samplings in the 
control animals resulted in serious haemodilution with some concentration of 
plasma Na and Ol. Following the intravenous in} ection of water (3% of body 
weight), the plasma solids were diluted by 20-30% as compared with 10% in 
the controls, but the Na and Cl concentrations were little affected and, aap 
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cases, increased. These results are in direct conflict with those of Eggleton 
(1937), who found dilution of both plasma solids and Cl concentration to result 
from administration of water into the intestine of the cat (6% of body weight). 
The fact, previously demonstrated by Bayliss & Fee (1930), that the plasma 
_ solids were more diluted than was the chloride, is explicable on the basis of 
simple osmotic equilibria, and O’Connor’s results would appear to be a 
combination of this effect with the changes due to frequent blood sampling, 
as seen in the controls. 
SUMMARY 

1. The chloride concentration in tissue water is less than that in plasma 
water in skeletal muscle, liver, spleen, kidney and heart. In skin it may be 
either less or more. 

2. Injection of hypertonic NaCl solution (in cats whose kidneys have been 
removed from circulation) results in a consistent dilution of the plasma and 
in an ¢ncrease in chloride-containing fluid, both in the muscles and in skin 
samples whose chloride content had been initially less than that in the plasma. 

3. In skin samples, however, which contain initially a higher chloride content 
than does the plasma, injection of hypertonic NaCl solution induces a decrease 
in chloride concentration in skin water relative to that in plasma water. 

4. Equilibration of skin with solutions of varying chloride concentration 

suggests that a certain fixed amount of chloride is ‘bound’ by this tissue and 
is unaffected by the surrounding concentration within the range studied, 
0-024-1-24% NaCl. 
. §. It 1s concluded, therefore, that although a small amount of chloride is 
‘bound’ in the skin, no further storage occurs when an excess is taken into the 
body; that is, there is no depot of salt, apart from the labile intercellular fluid, 
which can be drawn upon in times of salt deficiency. 

I am indebted to Mrs E. Silk for making the oxygen consumption measurements and to N. W. 


Please of the Statistics Department for calculation of the probable lines and curves in Figs. 2 
and 3. My warmest thanks are due to L. E. Bayliss for constant constructive criticism and advice. 
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SYMPATHETIC GANGLIA 
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The present series of experiments is an attempt at analysis of the potentials set 
up by preganglionic volleys in the isolated mammalian ganglion, recorded with 
various combinations of preganglionic and post-ganglionic leads. Previously 
these potentials had been recorded from blood-circulated ganglia (Bishop & 
Heinbecker, 1932; Eccles, 1935a, 6, 1936, 1943, 1944; Lloyd, 1937, 19394, b; _ 
Bronk, Tower, Solandt & Larrabee, 1938; Bronk, 1939; Larrabee & Bronk, 
1947) or shortly after excision (Bishop & Heinbecker, 1932; — 19354; 
Bronk e¢ al. 1938). 

Until recently, isolated ganglia had been used for only 1 hr after excision 
(Larrabee, Bronk & Gaylor, 1948). More recently Malcolm (1949), Saunders 
& Sinclair (1949) and Laporte & Lorente de N6é (1950) kept excised amphibian 
and turtle ganglia in good condition for many hours. While this present work 
was in progress, Brown & Pascoe (1951) reported that isolated mammalian 
ganglia under could discharge impulses 24 hr after 
excision, 

Complete isolation of the ganglion gives two advantages. First, with the 
isolated ganglion it is possible to use any combination of leads for electrical 
analysis without the complications in conditions of electrical recording which 
arise from attachment of the ganglion to the animal. Secondly, the ganglion 
can be subjected to the action of substances in known concentration. 
Possible disadvantages are that the isolated ganglion would be a deteriorating 
preparation, and that a long diffusion time is required before there is equilibra- 
tion with any fluid in which it is immersed. Deterioration has not been serious, 
because even 24 hr after excision the action potentials have not noticeably 

changed (cf. Brown & Pascoe, 1951), and diffusion time for equilibration has 
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been shortened to about 20 min by incising the sheath and partly removing it 
(cf. Rashbass & Rushton, 1949; Feng & Liu, 1949, 1950). 

The rabbit’s superior cervical ganglion has the advantage that a relatively 
long length of post-ganglionic trunk is available for experimental purposes. 
This advantage is somewhat offset by the occasional presence of double ganglia, 
already described by Bishop (1936). However, it would seem that the post- 
ganglionic fibres from the first ganglia join the vagus and were not usually 
included in the post-ganglionic trunk used. Bishop & Heinbecker (1932) 
reported the absence of afferent fibres passing uninterruptedly right through 
the ganglion, but a few low threshold fibres of this type have been observed in 
some of the present experiments. 


METHODS 
The superior cervical ganglia were removed from rabbits anaesthetized by oral administration 
of paraldehyde. The preganglionic trunk was freed in the neck and cut several centimetres 
proximal to the ganglion. The post-ganglionic trunk was separated from the internal carotid 
artery, freed from the surrounding connective tissue and cut at its point of entry into the base of 


Fig. 1. Photograph of chamber used for soaking and recording. 
_ Note ganglion in position on electrodes. 


the skull. During this operative procedure the blood supply of the ganglion was preserved. Finally 
the ganglion was quickly excised and with its attached pre- and post-ganglionic trunks immersed 
in Krebs solution at room temperature. The sheath was then carefully removed in order to allow 
free diffusion of substances into, and out of, the ganglion. 

The Perspex recording chamber (Fig. 1) has been constructed so that it incorporates the following 
features: air-tight seal with tubes for gas entry and outflow so that a constant 
atmosphere can be maintained for long periods; fixation of the preparation on the electrodes, but 
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also ability to adjust the position of one electrode without opening the chamber; the preparation 
may be immersed in a solution or lifted up therefrom for recording merely by rotating the chamber 
to one or other side; the soaking solution may be changed by addition of substances in small 
volumes of solution also without opening the chamber. All the electrodes as well as the Perspex 
posts are fixed in the roof of the chamber which is removed and inverted when mounting the — 
preparation for recording. The amplifier used throughout this work was capacity coupled, with 
time constant of 8 sec. 

The ends of the pre- and post-ganglionic trunks were tied to the two Perspex posts (Fig. 1), that _ 
on the preganglionic side being movable in order to take up slack in the preparation and leave it 
at the minimal tension for fixation on the electrodes. The platinum electrodes were flamed 
immediately before use and adjusted so that they made contact with the preparation at the 
required positions. The roof of the chamber was then sealed in position, the preparation soaked in 
the solution through which the gas mixture (95% O, and 5% CO,) was bubbled. Unfortunately, 
owing to the inadequacy of the heating system, the temperature was not accurately stabilized, the 
extremes varying from 33 to 37°. The modified Krebs solution (Krebs & Henseleit, 1932) used 
throughout these experiments was equilibrated with 95 % O, and 5% CO, and had the composition 
shown in Table 1, 

With the original concentration of bicarbonate (27-2 mm) blockage of ganglionic transmission 
often developed. The pH of the solution was 8-3 to 8-4 before the addition of 5% CO,, and on 
vigorous bubbling with 5% CO, and 95% O, the pH only fell as far as 7-7. At such low hydrogen 
ion concentration Saunders & Sinclair (1949) showed that transmission through isolated amphibian 
ganglia failed rapidly. The concentration of sodium bicarbonate was therefore reduced to 13-6 mm. 
Bubbling with 56% CO, then gave a pH of 7:2 to 7:3. The addition of glucose at approximately 
plasma level also proved necessary in order to maintain ganglionic function. 


TaBiE 1. Composition of modified Krebs solution (mm) 


Na* 138-0 134-6 
6-2 1-2 
Ca*+ 2-7 1-2 
Mg*+ 1-2 H 13-6 
Glucose 9-9 
RESULTS 


The aim of the present investigation was to determine, if possible, the responses 
which a preganglionic volley sets up respectively in the presynaptic and post- 
synaptic elements of the sympathetic ganglion, i.e. of the preganglionic nerve 
terminals on the one hand and of the ganglion cells on the other. Such 
a discrimination would be of importance, for example, in understanding the 
mode of action of curare and the effects responsible for post-tetanic potentiation. 

In the schematic drawing of Fig. 2 it will be seen that the recording of 
impulses in the preganglionic terminals raises special difficulties, and yet it is 
the actual response of the terminals which is of importance in synaptic 
transmission. Electrodes in positions R,R, lead diphasically potentials which 
are generated by volley propagation along the length of preganglionic fibres. 
With positions R,R, the post-ganglionic trunk acts merely as an extension to 


_ the ganglion of the R; recording electrode, i.e. R,R, and R,R, are in effect 


identical. It would at first appear that this extension of the effective lead 


> 
4. 
enterpretation of potentrals vn the 18 ganglionic preparation 


184 ROSAMOND M. ECCLES 


from preganglionic fibres would extend right to the preganglionic terminals 
which would in this way be selectively recorded with leads R,R, or R,R,. 
However, the ganglion itself has a much larger cross-section (about ten times) 
than either the pre- or post-ganglionic trunks (Bishop, 1936). On account of 
its lower resistance per unit length, the potentials generated in the ganglion 
by preganglionic impulses will give a much lower density of longitudinal 
current. Hence, as pointed out by Bishop, the R, lead will in effect record 
preganglionic potentials as if it were applied at R,, rather than those of the 
actual preganglionic terminals in the ganglion, whose potentials would be 
attenuated perhaps by a factor of 10 relative to preganglionic potentials 
at R,. Similar considerations apply to the leads R,R,. 

Likewise, for recording from the ganglion cells and their post-ganglionic 
axons with leads R,R,, R, will in effect lead from R,, rather than from the 
ganglion cells, though here the factor of discrimination would be lessened by 


ganglionic trunk, then earthed plate, and the five positions of recording electrodes as in 
text. 


the large surface area and volume of the ganglion cells. The total action 
currents generated by ganglion cells would thereby be larger than for the 
post-ganglionic fibres; hence, with leads between the middle of the ganglion 
and the end of the post-ganglionic trunk (R,R;), potentials generated in the 
activated ganglion cells would be recorded relatively more effectively than the 
potentials in the post-ganglionic fibres. In any case the ganglionic potentials 
would spread electrotonically along the post-ganglionic fibres (cf. Eccles, 
19356; Bronk et al. 1938), so that even electrodes R,R, would lead at least the 
slow potentials generated in ganglion cells (cf. Eccles, 1937). 


Responses of normal ganglion to preganglionic volleys | 

Ganglionic and post-ganglionic leads (R,R, in Fig. 2). Just as in the blood- 
circulated ganglion (Eccles, 19354, b, 1943; Bronk et al. 1938), a weak pre- 
ganglionic stimulus set up a relatively sharp and synchronous spike attributable 
to the discharge of impulses by the ganglion cells, and later slow negative (NV) 
and positive (P) waves (Fig. 3a, 6). Progressive strengthening of the stimulus 
caused the spike to increase to a maximum (about 1-5 mV), and with further 
increase a later small and diffuse spike appeared superimposed on the N wave 
(Fig. 3a (ii) and 6). It appears that the initial spike (henceforth S,) is 
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compounded of the S, and S, waves that are more readily separable in the cat 
_ (Bishop & Heinbecker, 1932; Eccles, 1935). Possibly the fusion in the rabbit 
is associated with the finding that there are no post-ganglionic medullated 
fibres in the rabbit (Bishop, 1936) in contrast to the medullated post-ganglionic 
S, fibresin the cat (Bishop & Heinbecker, 1932; Eccles, 1935a). The later spike 
(S,) requires such a strong preganglionic stimulus and has such a long pre- 
ganglionic conduction time (see below, p. 186) that it presumably is attributable 
to the non-medullated preganglionic fibres and so is equivalent to the S, spike 
of the cat (Eccles, 19354). So far as possible, the preganglionic stimulation 
has been kept at a strength which was supra-maximal for S, and below 
threshold for S,, but this has not usually been possible. S, responses will not 
be further considered in this paper, though they will often appear as com- 
plications in the records. 


Fig. 3. Action potentials set up by single preganglionic volleys recorded with R,R, leads (cf. Fig. 2). 
In (a) (i), (ii) and (iii), preganglionic stimulus progressively increased to give maximum S, 
spike response. In (b), maximum S, and S, spikes in two other preparations. Time scales, 
14/sec. Potential scales, 0-5 mV. 


When recording with electrodes R,R,, there is no noticeable contribution 
to the potentials from any preganglionic source, as is revealed by the complete 
absence of any potential changes before the S, discharge (cf. Fig. 3). In Fig. 4 
it is seen that the ganglion in isolation resembles the blood-circulated ganglion 
in its response to repetitive preganglionic stimulation (cf. fig. 3, Bronk et al. 
1938; fig. 7, Eccles, 1944). As shown by the maintained ganglionic spike size, 
the majority of ganglion cells in most of the isolated preparations responded 
to all frequencies up to 80 per sec. On cessation of stimulation the N wave and 
later P wave were much larger and more prolonged than after the response to 
a single preganglionic volley (cf. Bronk et al. 1938; Eccles, 1944).. Even with 
such a critical test as response to high frequency of stimulation the. isolated 
ganglia have remained virtually unchanged for as long as 24 hr after excision. — 
Deterioration during an experiment of several hours must therefore be 


negligible. 
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Both leads preganglionic (R,R,). When the preganglionic leads were in the 
R,R, positions, weak preganglionic stimuli evoked a large fairly synchronous 
spike which had a conduction velocity of about 20 to 25 m/sec for the fastest 
components (Fig. 5 (i)). Stronger stimulation added a later complex of spikes, 
the later groups conducting at 2 m/sec or less (Fig. 5 (i)). The fast preganglionic 
volley initiates the S, spike discharge from the ganglion cells, and the slow 
volley the §, discharge. The diphasic component of the fast wave is of interest 
as it would give some indication, as the electrode R, is moved on to the 
ganglion, i.e. to R,, of impulse propagation into the preganglionic terminals. 


Fig. 4. Action potentials with R,R, leads set up by repetitive preganglionic volleys 
at (i) 21, (ii) 36 and (iii) 64 sec. Potential scale, 0-5 mV. 


However, the diphasic potential was always small and irregular because the 
dispersed slow preganglionic spikes were superimposed on it, and it also 
appeared that even the fast preganglionic spike was not sufficiently 
synchronized to give a good diphasic spike with the longest separation 
(20 mm) that was possible between the R, and R, electrodes. 
Preganglionic—post-ganglionic leads (R,R,, Fig. 2). Recording electrodes 
in the R,R, positions should lead in part from the preganglionic terminals in 
the ganglion. But there is reason to believe (see above, p. 184) that lead R, 
acts preponderantly as a preganglionic lead at R, rather than from the 
terminals, and furthermore the ganglionic S, spike discharge begins so soon 
after the arrival of the fast preganglionic spike that it obscures most of 
the diphasic preganglionic spike, which of course would be the component 
contributed in part by the preganglionic terminals (Fig. 6 (i)). Hence this 
attempt has failed to give any reliable information on the conduction of 
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impulses in the preganglionic terminals. Attempts were made without success 
to obtain more discrimination by employing weaker stimuli, submaximal for 
the fast preganglionic spike. 


Fig. 5. Fig. 6. 7 
Fig. 5. Action potentials with R,R, leads (cf. Fig. 2) set up by single preganglionic stimuli 
maximal for both the fast and slow fibres. (i) Shows control response, and (ii), (iii) and (iv) 
show responses during the phase of post-tetanic potentiation that follows a 
tetanus of 60/sec for 15 sec, being 5, 35 and 75 sec post-tetanically. Time scale, 130/sec. 
Potential scale, 0-5 mV. 


Fig. 6. As in Fig. 5, but with R,R, leads (cf. Fig. 2). Record (i) is control, (i), (ii) and (iv) being 
5, 15 and 45 seo post-tetanically. Time scale, 130/sec. Potential scale, 1-0 mV. — 


Analysis of potentials from curarized ganglia 

There is much experimental evidence that curare blocks ganglionic 
transmission by depressing the depolarizing action on ganglion cells of pre- 
ganglionically released acetylcholine (Feldberg & Vartiainen, 1934; Feldberg, 
1950; Paton & Perry, 1951). However, synaptic transmission in the isolated 
amphibian ganglion persists in the presence of relatively high concentrations 
of p-tubocurarine chloride (Squibb), 1-6 x 10-* m, or acetylcholine, 6-1 x 10-* m 
(Malcolm, 1949), and Laporte & Lorente de Né (1950) postulated that tubo- 
curarine blocked transmission in the isolated turtle ganglion solely by blocking 
the propagation of impulses in the preganglionic fibres; however, they gave no 
direct evidence for such an effect. There is now no doubt that curare blocks 
neuromuscular transmission both in Amphibia.and mammals by depressing 
the depolarizing action of acetylcholine released from nerve terminals (Brown 
& Feldberg, 1936; Kuffler, 1943, 1949; Eccles & Macfarlane, 1949; Feldberg, 
1950; Fatt & Katz, 1950), but some findings of Nastuk (1950) indicated 
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blockage of motor nerve fibres also. The attempt has here been made to 
determine whether ganglionic blockage by p-tubocurarine is caused to any 
extent by depression of impulse propagation in preganglionic fibres. 

As shown in Fig. 7a, when synaptic transmission was just blocked by 
D-tubocurarine (2-5 x 10-* m), a large synaptic potential (cf. Eccles, 1943) was 
recorded with leads RR, (or R,R;), its potential being as much as 28 % of 
the normal spike height. Further investigation of potentials recorded with 
these leads and with all levels of curarization is described 3 in a later paper 
(R. M. Eccles, 1952). 

With leads at the R,R, positions the typical presynaptic spike complex is 
seen in Fig. 76 to be only slightly affected by a concentration of tubocurarine 
(1-6 x 10-* m) ten times the blocking dose (1-6 x 10-° m), where no effect at all 


Fig. 7. (a) Action potentials with R,R, leads and single preganglionic volleys, (i) and (ii) showing 
normal and curarized (2-5 x 10-* m p-tubocurarine) potentials; (iii) shows recovery to normal 
potential on soaking out tubocurarine; slower time course is attributable to lower tempera- 
ture. Upper potential scale, 0-5 mV for (i) and (iii). Time scale, 14/sec. Lower potential scale, 
0-2 mV for (ii). (6) As in (a) (i) and (ii), but with R,R, leads and p-tubocurarine 1-6 x 10~ m. 
Potential scale, 0-5 mV. Time scale, 130/sec. (c) As with (a) (i) and (ii) but with R,R, leads 
and p-tubocurarine 1-6 x 10~*m. Time seale, 130/sec. Potential scales, 0-5 and 0-2 mV. 


was observed. Both components of the initial diphasic preganglionic spike 
were depressed by almost 20%, and there was some change in the later 
preganglionic spike. Fig. 7b is typical of all experiments of this type. It can 
be concluded that blockage of preganglionic impulses in the preganglionic trunk 
is not primarily responsible for ganglion-blocking action of p-tubocurarine. 
A possible blockage in the preganglionic terminals in the ganglion is more 
difficult to exclude, As argued above, p. 184, any placement of the distal 
recording lead distal to position R, still leaves the effective preganglionic re- 
cording preponderantly at R,. Fig.7c(recording at R,R, with anormal ganglion) 
shows the initial preganglionic spike partly overlapped by the large slower 
S, ganglionic spike (cf. Fig. 6). A. high concentration of p-tubocurarine 
(1:6.x 10 m) completely eliminated not only the ganglionic S, and S, spikes, 
but the synaptic potential was then also negligible. However, the preganglionic 
fast and slow spikes were still large. The absence of.a diphasic component of 
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the fast spike seems to be due to the superposition of slower preganglionic 
components and gives no indication of blockage of preganglionic terminals. 
According to Laporte & Lorente de Né (1950) ‘the positive phase of the 
post-synaptic potential of deeply curarized ganglion may be interpreted as an 
anelectrotonus impressed on the ganglion cells by the presynaptic impulses’ 
and the late negativity (LN wave, R. M. Eccles, 1952) is the ‘analogue of the 
post-anodal overshooting of the electrotonus’. They further suggest that 
p-tubocurarine acts by depressing and blocking the propagation of impulses 
in the preganglionic terminals. A possible explanation of the production of 
anelectrotonus by preganglionic impulses could be that, if blockage occurred 
in the presynaptic fibres close to the synapses, then an anelectrotonus would 
be generated under the synaptic knobs by the current that flowed there into — 
the ganglion cells; but there would be a compensating diffuse catelectrotonus 
where this current flowed out across the post-synaptic membrane. It is thus 


. difficult to see how a net balance of anelectrotonus could be produced, such as 


would be required to give the observed P wave with high tubocurarine dosage 
(cf. Fig. 10a (i)). The present experiments cannot exclude such a blocking 
action by p-tubocurarine, though it is important to realize that there is no 
experimental evidence for such an effect at the low concentration at which 
D-tubocurarine blocks synaptic transmission in mammalian sympathetic 
ganglia. On the other hand, there is the impressive array of experimental 
evidence indicating that acetylcholine is the transmitter at the ganglionic 
synapse (Feldberg & Gaddum, 1934; Feldberg & Vartiainen, 1934; MacIntosh, 
1938; Feldberg, 1950), and that curare blocks transmission by competitive 
action on ‘receptors’ on the post-ganglionic membrane just as occurs in 
neuromuscular transmission (Brown & Feldberg, 1936; Acheson, 1948). This 
effect seems adequate to explain the action of low concentration of D-tubo- 
curarine without the postulated blockage of impulses in the preganglionic 
terminals. However, with high concentrations, it will be seen that additional 


"actions of p-tubocurarine must be postulated (R. M. Eccles, 1952). 


Analysis of action potentials during post-tetanic potentiation 

Larrabee & Bronk (1947) showed that a preganglionic tetanus was followed 
by a prolonged potentiation (several minutes) of the ganglionic discharge 
evoked by single testing volleys. By stimulating only one of the preganglionic 
trunks to the stellate ganglion they further showed that the potentiation. was 
restricted to test volleys in the tetanized preganglionic fibres, the excitability 
of the ganglion cells being depressed when tested by other preganglionic 
volleys and even by perfused acetylcholine. They concluded, therefore, that 
the post-tetanic potentiation was probably attributable to an enhanced 
stimulating action of the tetanized presynaptic fibres, there being an increased 
output of acetylcholine and/or a larger action potential. These suggestions 
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were not tested experimentally. Lloyd (1949), in a later investigation on an 
analogous potentiation of monosynaptic reflexes, recorded a phase of increased 
presynaptic action potentials, which corresponded so closely in time course to 
the observed post-tetanic potentiation that he postulated a causal relationship. 
Further investigation (Eccles & Rall, 1951), however, has shown that this 
correspondence in time course was fortuitous, occurring only for the durations 
of conditioning tetani employed by Lloyd. With the various placements of 
recording leads an attempt has been made to investigate further the changes 
in action potentials, both pre- and post-ganglionic, that occur during post- 
tetanic potentiation in sympathetic ganglia. 


Fig. 8. (a) Action potentials with Ryf, leads set up by single preganglionic volleys: (i) control, 
(ii), (iii) and (iv) 5, 25 and 75 sec after conditioning preganglionic tetanus, 60/sec for 15 sec. 
Potential scale, 0-5 mV. Time scale, 14/sec. Note the increased duration as well as amplitude 
of the post-tetanic ganglionic spikes in (ii) and (iii). (6) Open circles plot ganglionic spike 
height as percentage of control for series partly illustrated in (a). Time scale measured from 
onset of 15-sec conditioning tetanus, hence first point at 5 sec post-tetanically. Filled circles 
similarly plot size of P wave as percentage of control, but values plotted downwards (see 
scale). Broken lines show control levels. 


Normal ganglia. With RR, leads the potentiation of the ganglionic spike 
potential (Fig. 8b) was observed to follow a time course comparable with that 
described by Larrabee & Bronk (1947, fig. 6) after a comparable stimulation. 
It has been further observed that an initial post-tetanic depression of the 
P wave was followed by a later prolonged potentiation (Fig. 8a (iv) and 5). 
There is much evidence (Eccles, 19356, 1936) that the P wave of a testing 
volley is depressed during a pre-existent P wave; hence the initial post-tetanic 
phase of depression is satisfactorily explained by the prolonged P wave 
following repetitive preganglionic activation (Bronk e al. 1938). The subse- 
quent enhancement of the P wave (Fig. 88, filled circles) is possibly attributable 
to a late development of a post-tetanic negativity. The time constant of the 
amplifier, however, has been too short to record such a prolonged potential, 
but in curarized ganglia it has been shown (R. M. Eccles, 1952) that the P wave 
terminates in a late negative wave (the LN wave) which, however, with the 
relatively brief tetani there investigated, ran a much briefer time course than 
is here postulated for a late negative wave in normal ganglia. 
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With R,R, leads very little change has been observed in the presynaptic 
spike potential during post-tetanic potentiation. For example, in Fig. 5, there 
was initially a slight depression of both phases of the fast presynaptic spike 
potential. A potentiation of the presynaptic spike would have been expected 
during the positive after-potential that presumably followed the presynaptic 
tetanus (Lloyd, 1949). Possibly an increased temporal dispersion could account 
for the slight depression observed in 90% of experiments. Depressed pre- 
ganglionic excitability can be excluded as an explanation, since the testing 
stimuli were several times stronger than maximum for the fast preganglionic 
fibres. 


Fig. 9. (a) As in Fig. 8a, but for ganglion in 3-2 x 10-* m p-tubocurarine, (i) being control and 
(ii) and (iii) 6 and 75 sec. post-tetanically. Potential scale, 0-1 mV. Time scale, 14/sec. 
(6) Plotting as in Fig. 8 6 of series partly shown in (a). Note that ordinate scale for filled 
circles gives multiples of control P wave, not percentages. - 


With R,R, leads the action potentials showed increase in the ganglionic spike 
with slight depression of the preganglionic spike (Fig. 6). Fig. 6 (ii) further 
shows the increased N wave and decreased P wave that are attributable to the 
_ background P wave following the conditioning tetanus, and the later increase 
in P wave is also seen (Fig. 6 (iv)). 

Curarized ganglia. When the v-tubocurarine was just above blocking 
concentration, the testing preganglionic volley evoked, with R,R, leads, a large 
course of potentiation may be shown by plotting as ordinates the sizes of the 
negative ganglionic potential, i.e. spike action potential plus synaptic potential 
(Fig. 96, open circles). The large ganglionic spike was followed by a greatly 
increased P wave (cf. Fig. 9a), which ran a time course comparable with the 
negative ganglionic potential (filled circles, Fig. 9b). Presumably this increased 
P wave is largely secondary to the potentiated ganglionic spike, and its time 
course would thus give a more accurate record of the post-tetanic potentiation 
of the ganglionic spike than the negative potential, which has relatively a much 
larger component from the synaptic potential. However, both curves of 
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Fig. 9b show a much slower time course of post-tetanic potentiation, which 
differs characteristically from that for the ganglionic spike in the uncurarized 
ganglion (Fig. 8b). For example, the summit and time to half decay occurred 
at about 25 and 75 sec in Fig. 9b, as against 5 and 35 sec in Fig. 8b (open 
circles). A similar slowing of the time course of post-tetanic potentiation was 
observed by Larrabee & Bronk (1947, fig. 6) when they increased the 
duration of the conditioning tetanus. 

With p-tubocurarine in high concentrations the control testing volley set up 
a P wave with little or no preceding N wave (cf. Laporte & Lorente de Né, 
1950; R. M. Eccles, 1952). With post-tetanic potentiation this P wave was 
greatly potentiated, and a small initial N wave also appeared (Fig. 10a). The 
time course of post-tetanic potentiation of this P wave (Fig. 106) corresponded 
approximately with that observed in less deeply curarized ganglia (Fig. 9b). 


Fig. 10. (a) As in Fig. 9a, but for ganglion in 1-6 x 10~* m p-tubocurarine, (i) being control and 
(ii), (iii) and (iv) 5, 45 and 75 sec post-tetanically. Potential scale, 0-1 mV. Time scale, 
14/sec. (6) Plotting of P wave as in Fig. 96, but as percentage of control value. 


With R,R, leads the preganglionic spike in the curarized ganglia (Fig. 11) 
showed much the same changes during post-tetanic potentiation as was 
observed in the normal ganglia (Fig. 5). There was merely a slight initial 
depression of the preganglionic spike. _ 

With R,R, leads there was a similar depression of the preganglionic spike. 
In Fig. 12 the curarization was so deep that virtually no ganglionic response 
appeared at any stage of the post-tetanic potentiation. 

Similar results to those reported above for p-tubocurarine have been 
observed with ganglia curarized by other curarinee—o-dihydrotoxiferin I and 
the curarine from Strychnos toxifera. 

Conclusions. There is no evidence that preganglionic action potentials were 
potentiated during post-tetanic potentiation, but this conclusion applies rather 
to the preganglionic trunk, since impulses in the preganglionic terminals were 
not effectively recorded. However, when this recording from terminals was 
done with monosynaptic reflexes in the spinal cord (Eccles & Rall, 1951), no 


presynaptic correlate of post-tetanic potentiation was observed. It was 
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therefore suggested that post-tetanic potentiation was not primarily attribu- 
table to an enhancement of the presynaptic action potential (cf. Lloyd, 1949), 
but possibly was caused by a swelling of the presynaptic fibres indaced by 
repetitive stimulation, an effect actually observed by Hill (1950) in giant 
nerve fibres. The same effect would explain ganglionic post-tetanic potentia- 
tion and also the post-tetanic potentiation of neuromuscular transmission 
(Boyd, 1932; Rosenblueth & Morison, 1937; Brown & Euler, 1938; Feng 
1941; A. W. Liley & K. A. K. North, personal communication). Presumably 
preganglionic impulses would liberate an increased amount of acetylcholine 
from the swollen presynaptic fibres. The action of anticholinesterases in 


Fig. 11. Fig. 12. hee 
Fig. 11. As in Figs. 9a and 10a, but with R,R, leads. p-Tubocurarine concentration 1-6 x 10-4 m. 
Records (ii), (iii) and (iv) at 5, 25 and 45 sec post-tetanically. Potential scale, 0-5 mV. Time 
scale, 130/sec. 
Fig. 12. As in Fig. 11, but with R,R, leads. p-Tubocurarine concentration 1-6 x 10-*m. Records 
(ii), (iii) and (iv) at 5, 45 and 75 sec post-tetanically. Potential scale, 0-2mV. Time scale, 
130/sec. 


increasing and prolonging the P wave of deeply curarized ganglia suggested 
that high concentration of tubocurarine produced a reversal of acetylcholine 
action from depolarization to polarization (R. M. Eccles, 1952). Hence an 


increased liberation of acetylcholine during post-tetanic potentiation would 


also explain the potentiation of the P waves in Fig. 10. 


SUMMARY 
1. As shown by its electrical responses the isolated mammalian sympathetic 
ganglion (rabbit’s superior cervical ganglion) has been maintained in good 
condition for at least 24 hr. | 
PH. CXVII. 13 
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2. Various positions of recording electrodes have been employed in an 
attempt to determine the preganglionic and ganglionic components of the 
action potentials set up by preganglionic volleys both normally and 1 in ganglia 
affected by curarization and post-tetanic potentiation. 

3. p-Tubocurarine blocks synaptic transmission in a concentration about 
ten times lower than that at which it depresses preganglionic spike potentials. 
-Preganglionic volleys then set up a typical synaptic potential. During post- 
tetanic potentiation there is normally a slight depression of the preganglionic 
spike. In lightly curarized ganglia post-tetanic potentiation causes a temporary 
recovery of synaptic transmission, while in deeply curarized ganglia the P wave 
that replaces the synaptic potential shows much the same time course of post- 
tetanic potentiation, which is much slower than in the normal ganglion. 

4. The processes of curarization and of post-tetanic potentiation are 
discussed. 

The author is greatly indebted to Dr J. C. Eccles for his help and encouragement and to the 
Medical Research Council of New Zealand for defraying the expenses of this research. 


The author also wishes to thank the technical staff of the Physiology Department, Otago 
Medical School, for assistance during the research and in the preparation of the paper. 
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RESPONSES OF ISOLATED CURARIZED 
SYMPATHETIC GANGLIA : 


By ROSAMOND M. ECCLES* 
From the Departments of Physiology, Australian National University, 
‘ Canberra, and University of Otago, Dunedin 


(Received 13 November 1951) 


Langley & Dickinson (1890) showed that intravenous injections of curare 
blocked synaptic transmission in ganglia. Eccles (1943) observed the potential 
changes produced in curarized mammalian ganglia on preganglionic stimula- 
tion. Though the transmission of impulses across the synaptic junctions was 
prevented by curare, a preganglionic volley could still set up a local negative 
potential—the synaptic potential—on the post-synaptic membrane. This 
synaptic potential is analogous to the end-plate potential (e.p.p.) set up by 
motor nerve impulses in curarized muscle preparations (Eccles, Katz & 
Kuffler, 1941; Kuffler, 1942; Fatt & Katz, 1950) and to the synaptic potential 
generated by excitatory impulses on motoneurones in the spinal cord (Kccles, 
1946; Brock, Coombs & Eccles, 1951, 1952). It differs from an impulse since 
it possesses a slower time course and is not propagated down the post-ganglionic 
fibres, but is recorded as a catelectrotonic potential with an approximately 
exponential decay ‘along the post-ganglionic fibres (Eccles, 1943). Evidence 
was also obtained from partially curarized ganglia that the synaptic potential 
was responsible for the initiation of impulses in the non-curarized ganglia 
(Eccles, 1943). Laporte & Lorente de Né (1950a, 6) recently published work 
on the potentials recorded from the isolated superior cervical ganglia of the 
turtle. These ganglia did not behave very differently from mammalian ganglia 
when doses of curare which just blocked conduction were used. However, 
increase in the curare concentration to levels unobtainable in the intact 
animal led to the development of large positive post-synaptic potentials which 
appear to be inexplicable on the theory of acetylcholine transmission in its 
present form (Feldberg, 1950), i.e. that acetylcholine acts solely by depolarizing 
the post-synaptic membrane as it does at the neuromuscular junction. 

This present study was therefore undertaken with isolated mammalian 
_ ganglia in order to investigate the effects produced by preganglionic volleys 
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in ganglia which had been soaked in a wide range of concentrations of D-tubo- 
curarine. This work was further extended by a systematic study of the action of 
a number of ganglion-blocking substances on the isolated mammalian ganglion. 
The drugs were supplied from the following sources: p-tubocurarine chloride 
(Squibb); a purified curarine chloride isolated by Dr H. King in 1938 from the 
bark of Strychnos toxifera (King, 1949); c-dihydrotoxiferin I and c-toxiferin II 
(Wieland, cited by McIntyre, 1947); prostigmine and Nu 2126 (Hoffman 
LaRoche). 

In the interpretation of records it is assumed (cf. Eccles, 1935, 1936, 1943) 
that each preganglionic impulse sets up an N and P wave of the ganglion cells. 
The N wave is compounded of a catelectrotonic potential (the true synaptic 
potential) and a potential homologous with the negative after-potential of 
nerve, while the P wave is homologous with the positive after-potential of 
nerve and exhibits both the P, and P, components (Bronk, Tower, Solandt & 
Larrabee, 1938). During a tetanus there is superposition of the successive 
N and P waves, and their cumulative effects decay in a characteristic manner 
on termination of the tetanus. | : 

The experimental method has already been described (R. M. Eccles, 1952). 
Leads were taken from the middle of the ganglion and the post-ganglion trunk 
| 


RESULTS 
p-tubocurarine 


This curarine was used for most of the experiments, so a full account will be 
given before describing the actions of the other curarines. 


Response to single preganglionic volley ee 

As has previously been found (Eccles, 1943) in the blood-circulated ganglion, 
an adequate concentration of p-tubocurarine blocked the transmission of 
impulses through the isolated ganglion, but a preganglionic volley still caused 
the ganglion cells to become negative with respect to the post-ganglionic trunk, 
i.e. a synaptic potential was generated. This potential, uncomplicated by any 
spike discharge, was as large as 25% of the original spike height. It has 
a slower time course than an impulse and decreases rapidly along the post- 
ganglionic trunk. The time for rise to a half was 8-16 msec, the summit 
occurred at 25-35 msec, and the decay to a half at 80-110 msec, from onset. 
All these times are considerably longer than those obtained by Eccles (1943) 
in the cat’s stellate ganglion. Following the synaptic potential there was 
a small after-positivity (Figs. 1 (iii) and 2 (i)) which is clearly the P wave 
previously described (Eccles, 1935, 1943, 1944). Finally the P wave terminated 
in a late negativity which attained a value of about 0-2 mV and persisted for 
about 3sec (Fig. 2 (ii)). Increase in the tubocurarine concentration led to 
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a reduction in the size of the synaptic potential to as low as 1-2% of the 
original height, whereas the late negativity (LN wave) was not appreciably 
altered in size or time course (Fig. 2 (iii)) until depression was a caused by doses 
about ten times blocking concentration. 


Fig. 1. Fig. 2. 
Fig. 1. Ganglionic action potentials set up by single preganglionic volleys: (i) before curarization ; 
(ii) partial curarization (p-tubocurarine 1-6 x 10-* m); (iii) complete curarization (3 x 10-5 m). 
Potential scale for (i) 0-5 mV, for (ii) and (iii) 0-2 mV. Time scale, 14/sec. 


Fig. 2. Ganglionic action potentials set up by single preganglionic volleys: (i) synaptic potential . 


(p-tubocurarine, 2-5 x 10-5 m); (ii) as with (i) but at one-tenth sweep speed; (iii) p-tubo- 
curarine concentration 8 x 10-* m; (iv) addition of 3 x 10-* m-prostigmine to (iii). Potential 
scales for (i) and (ii), 0-1 mV, and for (iii) and (iv), 0-02 mV. Time scale for (ii), (iii) and (iv), 
1/sec, and for (i), 10/sec. 


Responses to repetitive preganglionic volleys 

In Fig. 3 the preganglionic trunk was repetitively stimulated at the indicated 
frequencies after the preparation had been soaked in p-tubocurarine chloride 
(1:6 x 10-5 m). The first volley set up a synaptic potential with a small spike 
superimposed. This synaptic potential gave facilitation of the response to the 
second volley as shown by the large spike, i.e. synaptic transmission occurred 
to many ganglion cells. There was also a small spike superimposed on the third 
synaptic potential, but subsequent volleys produced merely synaptic potentials 
giving a plateau relatively negative to the baseline. These results are similar to 
those of Eccles (1943, fig. 5) on the blood-circulated ganglion. At cessation of 
stimulation there was a rapid decay of the negative plateau and reversal to 
a P wave. The full growth of this P wave appeared to be checked by the 
development of the ZN wave as illustrated in Fig. 4a (ii), which was taken at 
a slower sweep speed in order to observe the full course of the after-potentials. 
This LN wave (usually about 0-2 mV, extreme values from 0-05 to 0-3 mV) has 
not been previously recorded from mammalian ganglia and there is no sign 
of it in the records of Eccles (1943), which, however, were not taken at a 
sufficiently slow speed. The possibility that it was a special feature of isolated 
ganglion preparations was excluded by recording it in experiments on the 
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_blood-circulated superior cervical ganglion of the rabbit. Heavy dosage of 


p-tubocurarine, however, could not then be employed on account of the 
circulatory failure that ensued. Laporte & Lorente de Né (1950a) have 
observed it in the deeply curarized cervical ganglia of turtles, but gave no 
data on its size or time course. 

Fig. 5 shows the effect of progressively increasing dosage of p-tubocurarine 
on the ganglionic after-potentials following a brief preganglionic tetanus. The 


Fig. 3. Fig. 4. 

Fig. 3. The effect of just-blocking tubocurarine (1-6 x 10-5 m) on repetitive preganglionic stimula- 
tion at (i) 20, (ii) 35, (iii) 60/eec. Potential scale, 0-2 mV; time scale, 14/sec. 

Fig. 4. The effect of p-tubocurarine followed by prostigmine on the ganglionic action potentials 
recorded on preganglionic stimulation at 20/sec. (a) (i) Before curarization; (ii) p-tubo- 
curarine concentration 1-6 x 10-' m; (iii) D-tubocurarine, 8 x 10-* m. Potential scales respec- 
tively 1-0, 0-5 and 0-2 mV. (b) Same preparation and tubocurarine concentration as (a) (iii), 
but progressive increase of prostigmine concentration: 3 x 10~’ m, 3 x 10-* m, 6 x 10-* m and 
3 x 10-* m respectively. Potential scale, 0-1 mV; time scale for (a) and (5), 1/sec. 


continuous line shows the after-potential in the absence of D-tubocurarine, 
there being a P wave and no trace of an LN wave. A D-tubocurarine solution 
as low as 1-6 x 10-* m significantly changed this after-potential by causing the 
rather large P wave to reverse to a small LN wave at 1 sec after the tetanus. 
Further increase in p-tubocurarine (to 3-2 x 10-* m, 1-6 x 10- mand 3-2 x 10°) 
increased the LN wave progressively and caused it to begin earlier and reach 
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an earlier summit. The smaller size of the P wave seems to be attributable to 
the earlier onset of the LN wave, but the progressive decrease in the synaptic 
potential (cf. Fig. 2 (iii)) presumably also entailed a diminution of the P wave. 
_ In Fig. 4a (iii) it is seen that an increase in the p-tubocurarine concentration 
_ from 1-6 x 10- to 8 x 10-* m caused the initial negativity to reverse to a large 
positivity during the tetanus, an effect which was not at all apparent with 
a just-blocking concentration of p-tubocurarine (Fig. 4a (ii)). This effect has 
been regularly observed with p-tubocurarine and has not been produced by the 
three other curarines used in this research (see below). A similar effect has 


sec 
Fig. 5. The effect of increasing tubocurarine on the ganglionic after-potentials following 
ganglionic stimulation at 20/sec for period indicated by the two arrows. Continuous line, 
before curarization; open circles, 1-6 x 10~* m-tubocurarine; line broken by filled circles, 
3-2 x 10-*.m; line broken by open circles, 1-6 x 10-5 m; filled circles, 3-5 x 10-5 mu. 
been reported for D-tubocurarine with turtle ganglia by Laporte & Lorente de 
Né (1950a). This positivity was later diminished by the development of the 
late negativity. At the end of the stimulation this LN wave developed rapidly 
to reach its summit 1-3 sec after the end of the tetanus. From this summit it 
decayed slowly, its total duration being usually about 5-5 sec (extremes from 
5 to 7 sec). It may be noted, in passing, that these potential changes were 
reversible. Soaking out in Krebs solution caused almost complete recovery to 
the original controls. 
Discussion 
The electrical response of the curarized ganglion to a single preganglionic 
volley can be analysed into at least three constituents which appear in over- 
lapping sequence (Fig. 2 (i), (ii)): a brief initial negative wave (the N wave), 
which is probably compounded of a true synaptic potential and a negative 
after-potential in the way that has been postulated for motoneurones (Eccles 
& Rall, 1951); a positive after-potential (P wave); and a late negativity 
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(LN wave). No trace of the LN wave has been observed in the uncurarized 
ganglion, and the P wave then has a more prolonged time course, which 
suggests that in the curarized ganglion the P wave is terminated by the 
concurrent development of the LN wave, as is shown in the diagram (Fig. 5). 
Since the duration of the LN wave is about 3 sec, it may be assumed that its 
later part is uncomplicated by superposition of the P wave. 

The interpretation of the potentials recorded during and after repetitive 
stimulation will be based on the hypothesis that the recorded response is 
a combination of the three potentials, N, P and LN. Some indication of the 
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sec 

Fig. 6. The effect of duration of repetitive preganglionic stimulation at 20/sec on the time courses 

of the ganglionic potentials during and after the tetanus. First arrow marks the start of each 

tetanus, and the subsequent arrows signal the end of the four tetani, being identified by the 
appropriate symbol. Concentration of p-tubocurarine, 8 x 10-* m. 


manner in which they are combined is given by recording tetani with a wide 
range of durations, as is shown in the superimposed tracings of Fig. 6. The 
initial negativity and the sudden decay of negativity (or increase in positivity) 
at the end of the tetanus (cf. Fig. 4<, (ii), (iii)) are both indications of the size 
of the N wave, which has a sudden onset and a relatively quick decay. As 
identified in this way, the N wave was reduced by p-tubocurarine and summed 
very little during a tetanus (cf. Fig. 3) and not at all cumulatively after the 
first few impulses. It is not so easy to distinguish between the P and the LN 
waves, as these both run very slow time courses. However, the P wave will 
initially be dominant because its onset is earlier and its increase more rapid 
than those of LN. Thus the initial negativity built up by N wave summation 
is rapidly reversed by the cumulative P effect, and this positivity in turn is 
deflected towards negativity by the later developing LN wave. With prolonged 
tetani an approximate balance of the P and LN waves is often struck 
(cf. Fig. 6). At the end of the tetanus the relatively quick decay of the N wave 
leaves a potential determined by the relative effects of the opposed P and 
LN waves. The P wave then decays more rapidly, hence LN progressively 
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dominates, the large post-tetanic LN wave being so produced. From the time 
course of the P wave in uncurarized ganglia, it may be inferred that there will 
be no residuum of a P wave by the time the LN wave reaches its summit, the 
subsequent course being attributable to the LN wave alone. 

As described in the three following sections, the effects of different substances 
on these potentials were investigated in an attempt to determine the manner 
in which they are produced. Anticholinesterases are of importance since 
acetylcholine presumably plays some part in producing these potentials. There 
is also evidence that adrenaline may play a part in ganglionic transmission. 
Finally potassium is also probably related to these potentials, for the potas- 
sium content of ganglia is reduced by preganglionic stimulation (Vogt, 1936). 


The effect of anticholinesterases 

The response to a single volley. After soaking in p-tubocurarine (8 x 10- m) 
there was a small synaptic potential followed by P and LN waves (Fig. 2 (iii)). 
The addition of prostigmine (3x 10-*m) greatly increased the P wave 
(Fig. 2 (iv)). This increased P wave led to a diminution both of the initial and 
late negative phases, i.e. of the N and LN waves. | 

The response to repetitive stimulation. In Fig. 46 (i), the lowest concentrations 
of prostigmine (3 x 10-? m) caused a slight increase in the size of the positivity 
during stimulation (note change in amplification). Subsequently reversal to 
the LN wave was greatly delayed and it was reduced in size. Tenfold increase 
in concentration (3x 10-*m) resulted in further increase in the positivity 
during and after the stimulation and an even later reversal to the small 
residuum of LN wave (Fig. 46 (ii)). In Fig. 46 (iii), 6 x 10-* m-prostigmine had 
caused a slight depression of the positivity during the period of tetanic 
stimulation and a complete suppression of the subsequent LN wave. This 
effect was even more pronounced on higher dosage (3 x 10-* m) (Fig. 45 (iv)). 
The depression of the positivity presumably is attributable to blockage in the — 
fine preganglionic endings, which have been found to be affected by prostig- 
mine at concentrations of 3 x 10-* m, but not by the lower doses employed in 
Fig. 46 (ii) (R. M. Eccles, unpublished observations), Virtually identical 
results have been obtained in every one of the twelve experiments with 
prostigmine. Furthermore, another powerful anticholinesterase, the dimethy] 
carbamate of 3-hydroxy-2-dimethyl aminomethyl pyridine dihydrochloride 
(Nu 2126, Eccles & Macfarlane, 1949), similarly caused complete suppression 
of the late negativity and consequent lengthening of the after-positivity. 
These effects of anticholinesterases were reversed by soaking out in Krebs- 
tubocurarine solutions, 

This curious effect produced by anticholinesterases in the presence of heavy 
doses of D-tubocurarine was not noticed when the curare was in weaker 
concentrations, e.g. 1-6 x 10-5 m. When just-blocking solutions of curare were 
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used, no positivity was developed during the tetanus, but subsequently P and 
LN waves appeared (Fig. 7 (i)). Addition of anticholinesterase then suppressed 
both the P wave and the LN wave complex, which were replaced by a prolonged 
negative potential that continued directly on from the negativity during the 
tetanus for many seconds post-tetanically. This negative potential appeared 
to be similar to that observed in the presence of anticholinesterase alone, 
and which has been satisfactorily attributed to depolarization caused by the 
unhydrolysed acetylcholine liberated from preganglionic terminals during 
their period of repetitive stimulation (Feldberg & Gaddum, 1934; Feldberg & 
Vartiainen, 1934; Eccles, 1944). 


Fig. 7. Ganglionic potentials set up by repetitive preganglionic stimulation at 20/sec, (i) in 
2-5 x 10-* m-tubocurarine; (ii) with the addition of 3 x 10-* m-prostigmine. Time scale, 1/sec. 
Potential scales, 0-1 mV. 


The effect of adrenaline 

Response to a single preganglionic volley (Fig. 8). In the presence of a heavy 
dose of p-tubocurarine (3-2 x 10-5 m) a small synaptic potential was recorded 
followed by P and LN waves. Addition of adrenaline (5-5 x 10-* m) increased 
the size of the synaptic potential (VN wave) and P and LN waves, and this 
effect was accentuated by a further increment in the adrenaline concentration 
(2:7 x 10-5 m) (Fig. 8). A delay in the rise and decay of the LN wave was also 
detectable. At still higher concentration of adrenaline (5-5x10-° m) these 
delays were increased and there was some reduction in all three waves. 

Response to repetitive preganglionic stimulation. In Fig. 9 (i) the response to’ 
stimulation is seen in the deeply curarized preparation (3-2 x 10-* m-tubo- 
curarine). Addition of adrenaline (5-5x10-*m) caused a decrease in the 
negative plateau developed during the tetanus, and, as a consequence, post- 
tetanically the P wave was larger. Further increase in the adrenaline concen- 
tration to 27x 10-5 m accentuated this positive deviation both during and 
after the tetanus. However, a more striking effect was the prolongation of the 
P wave and the delayed rise and decay of the LN wave, an effect noted above 
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sec 
Fig. 8. The continuous line running through circles shows ganglionic potential by a single 
preganglionic volley after soaking in 3-2 x 10~-* m-tubocurarine, rising phase omitted, but 
 gummit marked by the arrow at 0-075 mV; open circles, response after 5-5 x 10-* m-adrenaline 
added; filled circles, after 2-7 x 10-5 m-adrenaline. 


Fig. 9. Ganglionic potentials set Up by preganguomic stimulation at 20/sec, (i) in 3-2 x 10-* m- 
tubocurarine; (ii), (iii), (iv) addition of adrenaline at concentrations of 5-5 x 10-*m, 
2-7 x 10-5 m and 1-1 x 10~* m respectively. Potential scale, 0-1 mV. Time scale in seconds. 
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for the single responses. Higher doses of adrenaline (1-1 x 10-4 M) reduced all 
the potentials both negative and positive. 


The effect of potassium 

Decrease im potassium concentration in the eternal medium. In Fig. 10 the 
effects of a long tetanus (about 0-9 sec) are compared with those of brief 
tetanus (about 0:1 sec) at different concentrations of potassium. At the normal 
level (6-2 mm) the long and short tetani were followed by P and LN waves (i), 
which had the size and time relationships characteristic of ganglia soaking in 
that concentration of D-tubocurarine (8 x 10-' m). Reduction of the potas- 
sium to 3-6 mM (ii) caused an increase in the P wave and a very slight 


Fig. 10. Ganglionic potentials set up by preganglionic stimulation at 20/sec, for about 0-9 sec in 
(a) and about 0-1 sec in (b). Tubocurarine concentration 8 x 10-* m throughout. (i) External 
potassium 6-2 mw; (ii) and (iii) external potassium reduced to 3-6 and 2-4 mm respectively ; 
(iv) 10 min and (v) 90 min soaking in external potassium 1-2 mm; (vi) after 1 hr in 6:2 mu 
potassium. Time scale in seconds. Potential scale, 0-1 mV. 


diminution in the absolute height of the LN wave. Both these effects were 
accentuated by a further fall in potassium content to 2-4 mm (ili), the LN 
wave being now greatly reduced. Finally the potassium content was diminished 
to 1-2mm. After soaking for 10 min the P wave was approximately halved, 
while the LN wave was still further reduced (iv). After 1-5 hr further soaking 
in this solution there was almost complete suppression of the after-positivity 
though the ZN phase showed no further change (v). After returning to 
6-2 mm-potassium solution the responses (vi) 1 hr later had almost completely 
recovered to normal. Thus the effect of a decreased potassium concentration 
was initially a decrease of the LN wave, while with a large reduction in 
potassium the P wave was also diminished. 
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Increase in potassium concentration. Fig. 11 shows the response to repetitive 
stimulation on increasing the potassium. The continuous line gives the control 
_ which followed the normal sequence of events as recorded in the normal 
potassium concentration (6:3 mM) in the presence of a high dose of p-tubo- 
curarine (8x10-' m). Soaking for 30 min in 11-8 mm-potassium led to 
a reduction both of the positivity which developed during the tetanus and 
of the LN wave, which also had a decreased rate of rise and decay. A further 
increase in the potassium content (to 16mm) caused little change in the 
positivity during the tetanus, but further reduced the LN wave. On returning 
to 6-2 mm-potassium for 60 min the response could virtually be superimposed 


Fig. 11. Ganglionic action potentials set up by preganglionic stimulation at 20/sec in presence of 
8 x 10-5 m-tubocurarine: continuous line 6-2 mm-K*; filled circles, 11-8 mm-K+; circles with 
crosses, 16 mm-K*+, Tetanus duration indicated from first arrow to one of the other three 
arrows, it being increased inadvertently during the series. 


on the initial control. Thus the effect of raising the potassium would appear 

to be a diminution of both the P and LN waves. More prolonged soaking 

in 16 mM caused progressive depression of the whole response, an effect 
presumably attributable to preganglionic blockage. 


A curarine extracted from the bark of Strychnos toxifera 

In Fig. 12 the response to a single preganglionic volley is seen at different 
levels of curarization. In (i) the curarization was inadequate to give complete 
blockage. A just-blocking dose (1-5 x 10-*m) produced a synaptic potential (ii), 
which was reduced (iii) by further increase in concentration to 3 x 10-*m. 

In Fig. 12 (iv), though the response to the first volley of a tetanus was 
a synaptic potential, e.g. Fig. 12 (ii), the responses to all following volleys 
were spike discharges. This repetitive discharge from the ganglion cells may 
probably be accounted for by the fact that there was a much more sustained 
negative plateau than with p-tubocurarine. Possibly this high plateau may 
be attributable to the small size of the P wave, for the after-positivity was very 
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small after the tetanus. Increasing the dose to 3x 10m and increasing the — 
frequency led to a higher voltage for the sustained negativity during the 
tetanus (v), which subsequently declined towards the baseline, but the late 
negativity supervened before any after-positivity occurred. Further increase 
to 4x 10~* m merely caused a depression of all potentials during and after the 
tetanus (vi). 


Fig. 12. The effects produced by various concentrations Of the curarine from Strychnos toxifera 
on ganglionic response to single preganglionic volleys. (i) 7-6 x 10-* m; (ii) 1-5 x 10-*™; 
(iii) 3x 10-*m; (iv) repetitive preganglionic stimulation 20/sec, curarine concentration 
1-5 x 10-* m; (v) and (vi) 60/sec stimulation at 3 x 10-* m‘and 4 x 10-‘ curarine respectively. 
Time scales, 14/sec. Potential scales, 0-1 mV. 


This cutarine thus produced ganglionic blockage in the same manner as 
D-tubocurarine, i.e. by reducing the effective depolarizing action of acetyl- 
choline so that the acetylcholine released from the preganglionic terminals by 
a@ single volley was only able to set up a partial depolarization of the post- 
synaptic membrane. The principal difference seemed to be attributable to the 
smaller size of the P wave, and the consequent predominance of the LN wave 
both during and after the tetanus. 


c-Dihydrotoxiferin I chloride 
This curare was a more potent ganglion blocker than either the curarine 
extracted from Strychnos toxifera or c-toxiferin II chloride (Fig. 17). Synaptic 
potentials up to 28% of the spike height in the uncurarized ganglia have been 
obtained after soaking in a just-blocking dose (3-5 x 10- m). Subsequent to 
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the synaptic potential there was a small P wave and then an LN wave, 
Fig. 13 (i). The P wave was regularly observed to be smaller than with a com- 
parable dose of p-tubocurarine. At a concentration of 7 x 10-5 m there was 
a large diminution of the synaptic potential to only 4% of the initial spike 
height, while the LN wave was only halved (Fig. 13 (ii)). 

With repetitive stimulation, after soaking in a jost-blotiking dose 
(3-5 x 10-5 m) (Fig. 14 (i), the synaptic potentials summed to reach a negative 
_ plateau. At the end of stimulation there was a small decay of the negative 
plateau and then the LN wave supervened, there being little or no sign of any 
P wave. An increase to 7 x 10-° m concentration (ii) led to the development of 
a large negativity even during the tetanus. The slight decay of the negativity 
observed just after the commencement of the stimulation was probably due to 
the positive after-potential (P wave) of a few cells that fired impulses. Following 
this slight reduction the negativity continued to build up, but this increase to 
a negative plateau ended abruptly at the cessation of stimulation. The LN 
wave was again apparent after a small brief decline which was probably 
attributable to the decay of the N wave. 

Addition of prostigmine (3 x 10 m) to the solution of toxiferin (7 x 10- m) 
caused a positivity to develop during the tetanus (Fig. 14 (iii)). At the end of 
the period of stimulation there was an initial increase in the positivity and this 
then slowly decayed to return to the original baseline. The LN wave had 
completely disappeared. 

This curare resembles p-tubocurarine and curarine from S. towifera i in the 
manner in which transmission through the ganglion was blocked, as is shown 
by the similar synaptic potentials set up by single preganglionic volleys. On 
the other hand, it is like c-toxiferin IT (see below) in that it caused the develop- 
ment of a large negativity during a tetanus which was not diminished by 
increasing the concentration unless a very high concentration (3:5 x 10-* m) 
was reached. Addition of prostigmine completely obliterated the negativity 
that developed during the tetanus as well as the LN wave. 


c-Toaiferin II chloride 
_ This was the least potent of all the ganglion-blockers. Even at the highest 
concentration reached (6-45 x 10 m) there was incomplete blockage of synaptic 
transmission (Fig. 15 (i), (ii)). On tetanization of the preganglionic trunk 
there were spike discharges initially from a ganglion soaked in 3-25 x 10-‘ m, 
though these soon declined to synaptic potentials superimposed on a negative 
plateau (Fig. 15 (iii)). The sequence at the end of the stimulation resembled 
that of some other curares, e.g. the curarine from S. torifera. The negative 
plateau decayed towards the baseline but reversal by the late negativity 
prevented an actual positivity from developing. An increase in the concentra- 
tion to 6-45 x 10 m produced an increase in both the negativity during the 
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Fig. 13. Fig. 14. 

Fig. 13. Ganglionic action potentials set up by single preganglionic volleys with varying doses of 
ce-dihydrotoxiferin I: (i) 3-5 x 10-* m; (ii) 7 x 10-° m. Note that initial brief spike-like wave is 
synaptic potential with following LN wave. Time scale in seconds. Potential scales, 0-5 mV 
for (i), 0-05 mV for (ii). 

Fig. 14. Ganglionic potentials set up by repetitive preganglionic volleys at 20/sec, in presence 
of c-dihydrotoxiferin I at concentrations: (i) 3-5 x 10-* m; (ii) 7 x 10-5 m; (iii) i 
3 x 10-* m added to (ii). Time scale in seconds. Potential scales, 0-5 mV for (i), 0-1 mV for 
(ii) and (iii). 


Fig. 15. Ganglionic responses to single (i) and (ii) or repetitive (iii) and (iv) preganglionic volleys 
in presence of o-toxiferin IT: (i) and (iii), 3-23 x 10-* m; (ii) and (iv), 6-45 x 10-* m. Time scale 
for (i) and (ii), 14/sec; for (iii) and (iv) in seconds. Potential scale, 0-2 mV for all records. 


PH. CXVII. 14 


a 
ae 
Py. 
3 
& 
Ag 
iM > 
; 
2 3 
‘ 
a 
= 
+ <4 
q 
4 
Me “I 
4 
4 
> 
x 
3 
4 
a 
“ 
4 
» 


210 ROSAMOND M. ECCLES 


tetanus and the subsequent LN wave. This increased negativity coupled with 
a decrease in the small positively directed dip after the tetanus indicate that 
further increase in concentration of this curare to the blocking dose would not 
have changed the response to the dominant positivity that characteristically 
obtains with high concentration of p-tubocurarine. Thus this curare resembles 
the curarine from 8. towifera and c-dihydrotoxiferin I chloride rather than 
p-tubocurarine. 
DISCUSSION 


The synaptic potential 
When transmission through a ganglion is blocked by any of the Ssiislion- 
blocking agents considered above, a single volley in the preganglionic fibres 
causes a depolarization of the post-synaptic membrane. This depolarization 
or synaptic potential may be considered analogous to the end-plate potential 
(e.p.p.) set up by motor nerve impulses in curarized muscle, and presumably 
is likewise composed of small heavily depolarized areas on the post-synaptic 
membrane with catelectrotonic surrounds (cf. Eccles, Katz & Kuffler, 1942; 
Fatt & Katz, 1950). At the critical level for ganglionic blockage by any of 
these agents there are no significant differences in the heights of the synaptic 


TaBLE 1. Comparative table of various junctional potentials 


(msec) (msec) (msec) (%) 


Superior cervical ganglion (rabbit) 25-35 90-110 80-100 22-29 
Stellate cat (Eccles, 1943) 10-145 5-12 
Frog e.p.p. ( ‘oftion, 1942; Fatt & Katz, 1950) 1-0 3-5 ca.10 30-35 
using surface electrodes 0-85 245 12 
(Brock, 1951, 1952) 0-7 3-0 3-6 8-15 


potentials or in their time courses. Thus the ganglion-blocking agents would 
appear to act by depressing the depolarizing action of the preganglionic 
impulses, and not appreciably by depressing the generation of impulses by the 
depolarized post-synaptic membrane. In this respect also the ganglion is 
analogous with the neuromuscular junction (Kuffler, 1942, 1943, 1945). 

A comparison of the synaptic potentials from the superior cervical ganglion 
and the stellate ganglion (see Table 1) shows that the time course is much 
slower in all respects in the isolated preparations. Two factors contribute to 
this temporal discrepancy. In the rabbit’s superior cervical ganglion there is 
an especially large group of slow fibres (the S, group) which would add their 
_ contribution to the synaptic potential later than the S, complex (R. M. Eccles, 
1952), thus delaying the time to summit as well as the rate of decay. Further- 
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more, the isolated preparations were usually at a lower temperature (about 
35° C) than in the whole animal. 

The size of the synaptic potential relative to the spike height generated by 
the unblocked ganglion is found to be far higher in the isolated superior 
cervical ganglia than in the stellate. This may partly be attributable to 
a removal of all connective tissue from the ganglion and the post-ganglionic 
trunk in these experiments. In addition the potentials have been recorded 
_ with the ‘active’ lead on the ganglion, not merely on the origin of the post- 
ganglionic trunk as in the stellate ganglion preparations, whose synaptic 
potentials would thus be recorded after some electrotonic decrement. An 
attempt is being made using microelectrodes to obtain direct measurements 
of the absolute size of the synaptic potential and of its size relative to the spike 
potential of the ganglion cell. 

_ When curarization was incomplete, a small spike was observed superimposed 
on the synaptic potential, e.g. Fig. 1 (ii). In the presence of even less of the — 
_ blocking agent, the spike rose earlier from the synaptic potential. It seems 
then that the earlier evidence (Eccles, 1943) that the synaptic potential is 
responsible for the initiation of impulses in non-curarized ganglia has been 
further supported. 

Special actions of different curarines 

In Fig. 16 it can be seen that the effectiveness of D-tubocurarine as a ganglion- 
blocker showed considerable variation (just-blocking dose 1-6 to 2-5 x 10-* m). 
This may be attributed to two causes: a variation between preparations and 
some deterioration of D-tubocurarine solutions that were several weeks old. 
Relative to the p-tubocurarine concentration for blockage (1-6 to 2-5 x 10-* m), 
the just-effective doses were 7x10-°m, 1:5x10-*m and greater than 
6:45 x 10-* m for c-dihydrotoxiferin I, curarine (S. toxifera) and c-toxiferin IT 
respectively (Fig. 17). | 

The four curarines differed greatly in their effects on the P and LN waves, 
there appearing to be an inverse relationship as shown in Table 2. The 
dominance of the LN wave is illustrated in Fig. 14 for c-dihydrotoxiferin I and, 
at the other end of the scale, the P wave dominance is shown in Figs. 3 and 4 
for D-tubocurarine. The same relative effects on P and LN waves were observed 
over the whole range of concentrations. Increasing dosage of all curares 
diminished the size of the N wave whether this was measured by the initial 
synaptic potential or by the deflexion in a positive direction immediately at 
the end of the tetanus. At high concentrations of p-tubocurarine (3-2 x 10-* m) 
the P wave became dominant during the tetanus. This effect was not 
observed with the toxiferins. In particular, c-dihydrotoxiferin I greatly 
increased the LN wave. This action may be limited to a potentiation of LN 
without any alteration in the P wave, which is merely submerged by the 


cumulative negativity, or alternatively the P wave may be depressed as well. 
14—2 
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OLL 
6 3 
Fig. 16. The relative sizes of the initial negative potentials (spike and/or synaptic potential) set 
up in the ganglion by single preganglionic volleys are plotted as percentage of the control 
normal spike potential. Abscissae are the negative logarithms of the corresponding molar 
concentrations of p-tubocurarine. Pooled results of ten experiments. Potentials below 
25% are pure synaptic potentials; with larger potentials, spikes are superimposed. 


100}- 


0 j 
6 lee 4 3 
Fig. 17. Comparison of the four curarines, plotted as in Fig. 16. Circles with crosses, c-toxiferin II; 
open circles, curarine from Strychnose toxifera; filled circles, c-dihydrotoxiferin I. Values from 
two, two and four experiments respectively. Broken line gives p-tubocurarine curve of 
Fig. 16. 


Tasiz 2. Effects of various curares 
Concentration Relative sizes of waves at high 


for just- concentrations 
Substance (m) N wave Pwave LN wave 
Curarine from Strychnos toxifera 5 x1 ++ ++ ++ 
c-Toxiferin IT > 6-45 x 10-¢ ++. + +++ 


c-Dihydrotoxiferin I 7x10°5 ++ 20 2+ ++++ 
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However, when the LN wave is removed by anticholinesterases (Fig. 14 (iii)), 
the P wave does not appear to be appreciably depressed, an observation 
which favours the first alternative. Paton & Perry (1951) tested the potency 
of some toxiferins as ganglion-blockers using the cat’s superior cervical 
ganglion, but the toxiferins they tested were different compounds from those 
employed in this paper. 

_ Further analysis was attempted by comparing the effects produced by 
concentrations of tubocurarine ranging from 1-6 x 10-* m to'1-6 x 10“ m. With 
increasing tubocurarine concentration there was diminution of the post-tetanic 
positive deflexion that followed the rapid decay of the N wave (cf. Fig. 5), and 
also a progressively earlier rise of the LN wave to an earlier summit (Fig. 5). 

One explanation of the series of curves illustrated in Fig. 5 would be that the 
LN wave is normally submerged by the large P wave following the tetanus, 
and that progressive diminution of the latter by tubocurarine was responsible 
for the emergence of the LN wave. However, such an explanation has diffi- 
culty in accounting for the appearance of LN waves as large as 0-1 mV at low 
tubocurarine concentrations, when at the same time the positivity after the 
tetanus was not diminished in size, but even at times increased (cf. 1-6 x 10-* m- 
tubocurarine in Fig. 5). 

A more probable explanation is that, besides depressing the depolarizing 
action of the liberated acetylcholine (Eccles, 1943, 1944; Feldberg, 1950), the 
curares also specifically increase the depolarizing action of some substance 
liberated by preganglionic stimulation and which by its cumulative effect gives 
the LN wave. Further discussion will be deferred until the striking changes 
produced by anticholinesterases have been discussed. 


The effect of anticholinesterases 

In the curarized animal (Eccles, 1944) the injection of an anticholinesterase 
(eserine) caused a lengthening of the slow decay of the N wave so that the 
P wave was completely suppressed. This work has been confirmed in the 
isolated ganglion preparations with low tubocurarine concentrations (Fig. 7). 
However, the addition of prostigmine to a ganglion deeply curarized by either 
tubocurarine or c-dihydrotoxiferin I caused an increase in the positivity 
developed during the tetanus, and after the tetanus a slower development of 
dominance by the LN wave, which finally disappeared altogether at high 


_ levels of anticholinesterase (cf. Figs. 4 and 14). An increase is observed in the 


P wave which is probably coupled with a depression of the N and LN waves 
(Fig. 4). The depression of the N wave by the anticholinesterase is indicated 
by the concurrent reduction both of the initial negativity and of the sudden 
decay of negativity at the end of the tetanus (Fig. 40 (iii)). Further, it would 
appear from Fig. 4 that the LN wave is actually removed by anticholinesterases 
and not merely submerged beneath an increased P wave. 
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The following evidence shows that the action of prostigmine is due to 
its anti-cholinesterase activity: (i) Unpublished experiments (R. M. Eccles) 
using prostigmine alone, i.e. in the absence of curare, revealed no blockage of 
conduction in the preganglionic fibres as they enter the ganglion until a con- 
centration of 3 x 10-5 m was reached. (ii) Another anticholinesterase, Nu 2126, 
gave identical results to prostigmine both in the presence and in the absence of 
p-tubocurarine. (iii) Eccles et al. (1942) showed that curare does not modify 
the anticholinesterase action of eserine. 

It is difficult to offer a satisfactory explanation of the two widely differing 
actions of an anticholinesterase: (i) in the presence of a just-blocking solution 
of any of the curares it causes a slowing of the decay of the N wave and 
probably a decrease of the LN wave; (ii) on the other hand, in the presence of 
high doses of the curares, it causes a decrease of the N wave, an increase in the 
P wave, and decrease and finally suppression of the LN wave. As a general 
rule it can be said that in the presence of p-tubocurarine an anticholinesterase 
produces the second action when the P wave develops sufficiently during 
a tetanus to counteract the cumulative N and ZN waves and to. cause 
a positivity relative to the initial baseline. In the presence of p-tubocurarine 
the action of prostigmine, therefore, depends on the size of the N wave. 
However, this rule cannot be applied to c-dihydrotoxiferin I, since prostigmine 
produced the second action when a very large LN wave had been built 


up during the tetanus in the presence of the toxiferin alone (Fig. 14). With 


_ the other two curares, anticholinesterases were observed to have merely the 
effects observed for low tubocurarine concentrations, but relative to the 
blocking dose their concentrations were much lower. 

The only conclusion that can be drawn from the results is that anticholin- 
esterases have two different actions in the presence of curarines, though the 
reasons for this diversity of action have not been discovered. Presumably the 
actions are relatable to specific actions of acetylcholine, which accumulates in 
the presence of anticholinesterases. Understanding of these differences in 
acetylcholine behaviour will not be possible until an intracellular electrode is 
used to record the membrane potentials of ganglion cells. Then the direct 
application of ACh will be possible, and its effects both on resting potentials 
and on potentials initiated by preganglionic activity at all levels of ourariza- 
tion may be studied. 

The effects of adrenaline 

The addition of adrenaline was found to have no significant effect on the 
ganglionic spike potentials and after-potentials of the isolated ganglion even 
when the concentration was as high as 1-1 x 10-* m. There was thus no evidence 
of any facilitatory or depressant action on synaptic transmission, such as has 
been described by Marrazzi (1939), Marrazzi & Marrazzi (1947) and Biilbring 
(1944). 
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However, adrenaline has been observed to have a constant effect on the 
potentials that are generated by preganglionic volleys in a ganglion soaked in 
large doses of D-tubocurarine. The addition of adrenaline in low concentra- 
tions, ¢.g. 5-5 x 10-* m, increased the positive potential during and after the 
tetanus, and also delayed the rate of rise and decay of the LN wave. This 
action is equivalent to that of a low concentration of anticholinesterase. Such 
a weak anticholinesterase action of adrenaline and of its breakdown products 
was reported by Waelsch & Rackow (1942) for serum cholinesterase. At very _ 
high concentrations of adrenaline (1-1 x 10-* m) there was a reduction of all the 
potentials, which is probably attributable to blockage in the preganglionic — 
terminals. In conclusion, such small effects were observed with very high doses 


of adrenaline that it appears highly improbable that either the P or LN waves 


could be due to adrenaline that may be liberated from the nerve endings 
(Marrazzi, 1939; Marrazzi & Marrazzi, 1947; Biilbring, 1944).* 


The effects of potassium 

With excised tissues there has been, with low potassium concentrations in 
the external medium, a considerable deviation from the logarithmic relation- 
ship between external potassium concentration and the membrane potential 
that is predicted from the Nernst diffusion equation (Curtis & Cole, 1942; 
Hodgkin & Katz, 1949; Ling & Gerard, 1949; Huxley & Stampfli, 1951; 
Feng & Liu, 1949). Hodgkin & Katz (1949) account for this deviation largely 
by the contribution made by sodium diffusion to the membrane potential. The 
deviation so produced in excised mammalian ganglia is as yet unknown, but 
their very long duration of survival in good condition suggests that: they 
approach much closer to a steady state for sodium than do excised giant 
fibres; and the sodium deviation only arises when the extrusion of sodium by 
the metabolic pump fails to balance inward diffusion, i.e. only in so far as there 
fails to be a steady state for sodium. Thus, as an initial approximation, the 
effects of potassium on ganglionic potentials may be discussed on the 
assumption that the Nernst logarithmic relationship obtains between external 
potassium concentration and membrane potential. Thus the higher the external 
potassium concentration, the smaller would be the membrane depolarization 
for any given increment in potassium. When curare has caused a complete 
blockage of transmission in the ganglion, it may be assumed that virtually the 
whole of the potassium liberation is caused by preganglionic impulses. Further, 
if it be assumed that this production is not affected by small changes in © 
external potassium concentration, any depolarizing effect of this liberated 
potassium on the ganglion cells would be diminished by an increase in the 

* These rather negative results could be due to either insufficient soaking times or rapid 


destruction of the adrenaline. The first possibility can be rejected as soaking times up to | hr 
were employed; the second possibility, however, still exists. 
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external potassium and conversely increased by a deficiency of external 
potassium. 

However, Figs. 10 and 11 show that the LN wave was decreased by both 
an increase and a decrease in the external potassium. High potassium levels 
are known to cause blockage of nerve impulses. Presumably in the presence 
of high potassium concentrations (16 mm) preganglionic blockage accounts for 
the diminution in both the P and LN waves. However, there was no selectivity 
in the effects on these waves. Thus neither high nor low potassium experiments 
give support to the hypothesis that the LN wave is due to potassium ions 
liberated by impulses in the preganglionic fibres. 7 


CONCLUSIONS 
The effects produced by low concentrations of curarines are satisfactorily 
explained by the well-established postulate that ganglion blockage is produced 
by diminution of the depolarizing action exerted by acetylcholine on the 
ganglion cells. This postulate, however, fails to account for the new features 
appearing with high p-tubocurarine and c-dihydrotoxiferin I concentrations, 
namely the greatly increased P wave and LN wave. 

The effect of anticholinesterases in prolonging and intensifying the P wave 
suggest that it is produced by acetylcholine, i.e. that the high curare concen- 
trations have actually reversed its action from the normal depolarizing to 
@ polarizing action. Such an effect would also explain the observations of 
Laporte & Lorente de Né (1950a, b) on the isolated turtle ganglia. This 
hypothesis is being directly tested. 


No explanation can be offered for the origin of the newly described LN wave. — 


Such possibilities as adrenaline or potassium liberation seem to be excluded on 
experimental grounds. 
SUMMARY 
1. The isolated superior cervical ganglion of the rabbit has been employed 
in testing the action of four curarines on ganglionic transmission. The investi- 
gation has been restricted to the potentials generated in ganglion cells by 
preganglionic volleys, either single or repetitive. The concentrations of the 


curarines have been increased up to ten times the just-blocking concentrations. 


2. With concentrations at blocking level there were large synaptic potentials 
(N waves) observed up to 29% of the spike height, and which presumably are 
attributable to acetylcholine. 

3. With p-tubocurarine in high concentrations this N wave was greatly 
depressed and rapidly reversed to a large positive wave (the P wave), which 


built up to a large potential in the early part of a tetanus. This P wave was — 


smaller or even negligible with the other curarines. 
4. The principal new finding, however, has been a prolonged late negative 
wave which developed subsequent to the P wave, even with low concentrations 
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of the curarines, and which within limits increased in size with increase in 
concentration. Effects of drug concentration and duration of stimulation have 
been systematically investigated. 

5. The effects of anticholinesterase action, adrenaline and both increase 
and decrease of the potassium content of the medium have been investigated 
in an attempt to determine the mode of production of the P and LN waves. 
An explanation is offered for the effect of p-tubocurarine in causing large 
P waves. The causation of the LN wave remains obscure. 


The author wishes to thank Dr J. C. Eccles whose advice and criticism have proved invaluable 
throughout the course of this research, and Prof. A. R. McIntyre for kindly providing me with the 
toxiferins, c-dihydrotoxiferin I and c-toxiferin II. 
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THE EFFECT OF ACUTE REDUCTION OF THE 
GLOMERULAR FILTRATION RATE ON SODIUM 
EXCRETION IN MAN 


By T. M. CHALMERS, A. A. G. LEWIS* anv G. L. 8S. PAWAN 


From the Departments of Medicine and Pharmacology, 
Middlesex Hospital Medical School, London, W. 1 


(Received 28 November 1951) 


In the dog, moderate acute reduction of glomerular filtration rate (G.¥.R.) 
leads to a rapid decline and cessation of sodium excretion. Reabsorption is 
complete when the filtration rate falls to about 60 % of its initial level (Selkurt, 
Hall & Spencer, 1949; Pitts & Duggan, 1950; Post, 1951; Mueller, Surtshin, 
Carlin & White, 1951). 

In the experiments described here, similar changes in G.F.R. were ¢ produced 
in normal men by applying congesting cuffs to the legs. Sodium excretion fell 
but did not cease. A summary of these results has been communicated to the 
(Chalmers, Lewis & Pawan, 19515). 


METHODS 

General. Eight healthy male subjects, aged 20-40 years, were studied, most of them on more 
than one occasion. A-litre of 0-15% (w/v) saline was given by mouth first; after this, water was 
drunk at the same rate as it was excreted, urine samples being collected without catheterization 
at approximately 15 min intervals. An initial dose of inulin and sodium p-aminohippurate (PAH) 
was given intravenously and their concentrations in the blood maintained by constant infusion. 
After 40 min had been allowed for stabilization, blood and urine collections were begun, blood 
samples being withdrawn at the mid-point of each period (allowing 2} min for the renal tract 
delay time) (Smith, 1951). 

Throughout the experiment the subject sat up on a couch. After two to three control periods, 
congesting cuffs round the thighs were rapidly inflated to a pressure of about 80 mm Hg, increasing 
to 90-95 mm during the next 10 min. The amount of blood trapped in the legs by this procedure 
is about 600 ml. (Ebert & Stead, 1940). The cuffs were released after 30-40 min (i.e. two collection 
periods). Finally, recovery was followed over three collection periods. The subjects experienced 
only minor discomfort. 

Chemical methods. Plasma proteins were precipitated by cadmium sulphate and sodium 
hydroxide (Smith, Finkelstein, Aliminosa, Crawford & Graber, 1945). PAH concentrations were 
determined by the method of the same authors, and inulin concentrations by that of Corcoran & 
Page (1939). Sodium was estimated by Albanese & Lein’s (1948) method with the precautions 
previously described by us (Chalmers, Lewis & Pawan, 1951a). For all colorimetric determinations 
a — photoelectric absorptiometer was used. 


* Saltwell Scholar, The Royal College of Physicians 
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RESULTS 
Control experiments, in which the cuffs were not inflated, were done on four 
subjects, and the means of these observations are shown on the right in Fig. 1. 
Little change occurred in sodium excretion, ¢.¥.R. or renal plasma flow (R.P.F.). 
The effect of inflating the cuffs in periods 3 and 4 is shown in Table 1. Two 


A B 
Cuffs on Controls 


| 


Fig. 1. The effect of applying congesting cuffs to the thighs on renal function and sodium 
excretion in man. A, mean values of sixteen observations on eight subjects; B, mean values 
of four observations on four subjects. Each period was approximately 15 min. The values 
in period 2 have been taken as 100 %. 


series of observations were made on each of these four subjects, one in the 
presence of, and one in the absence of, PAH: the changes in the rate of sodium 
excretion were little modified by the p-aminohippurate ion. 

Sixteen observations in all were made on the effect of inflating the cuffs on 
R.P.F., G.F.R., and sodium excretion, in eight subjects. The means are shown on 
the left in Fig. 1. The z.P.¥. fell to an average of 70%, the G.F.z. to 62% and 
sodium excretion to 65% of the initial levels. 
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On releasing the cuffs, R.P.F. rose to the initial level in the next period, and 
G.F.R. recovered more slowly. Sodium excretion, however, fell further in eleven 
experiments, rising again in periods 6 and 7. 
Tassie 1. Effect of inflating congesting cuffs round thighs during periods 3 and 4. 
Duplicate observations with and without PAH 
Periods (approx. 15 min each) 


Subject s 2 3 4 5 6 7 
‘eo 141 99 86 101 116 130 
Cran 627 742 385 465 713 684 
@ 0-20 022 0-20 016 010 O12 O18 
20-0 205 186 162 162 17-4 
Gy 187 145 93 73 118 113 
0-32 0-82 032 019 O11 020 O19 
Vv 25:0 23-7 22:8 200 177 
Gy 97 112 60. 102 113 
Cran 722 644 703 523 725 
0-22 027 0-21 O17 O17 O19 021 
Vv 138 163 163 125 138 
Cx 6 107 65 61 101 
0-23 027 0-21 O17 O17 O19 0-21 
Vv 148 «178 164 12-7 169 
c 146 73 132 141 137 
Cran 987 957 673 618 820 873 853 
a 0-50 0-50 0-39 0-21 0-27 035 0-40 
Vv 301 321 278 77 
144 123 150 79 137 146 102 
Na 0-43 0-40 036 0-28 030 033 0°87 
31 23 213 213 197 190 
D Ge = 143 92 116 123 113 126 
Cran 757 539 508 749 709 682 
036 0-36 0-33 0-29 0-21 026 029 
Cre 100 144 126 96 1 110 113 
a 0-37 0-30 0-26 0-20 O21 020 0-28 
Vv 227 220) 23-7 200 197 


Cp = Plasma clearances of inulin and p-aminohippuric acid in ml./min. 


Na =Sodium excretion in m.equiv/min. 
V =Urine volume in ml./min. 


DISCUSSION 
It is clear from our results that the very profound fall in sodium excretion 
accompanying moderate acute reduction of ¢.F.R. in the dog does not occur in 
man. Such changes in sodium output as do occur in the human subject are 
probably not directly related to G.¥.R. changes since the two functions tend 
to move in opposite directions during the recovery phase. This is in agreement 
with the observations of Elkinton, Crosley, Barker & Clark (1950). On the 
other hand, Wilkins, Culbertson, Burrows, Tinsley, Judson & Burnett (1949), 
who applied congesting cuffs for only 10-20 min, found that while falls in 
electrolyte excretion and G.¥F.R. occurred only in the recovery phase, they did 
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occur simultaneously. Examination of their results, however, suggests that 
their experiments, unlike ours, were attended by the release of antidiuretic 
hormone. We have shown that large quantities of this hormone reduce renal 
clearances (Chalmers, Lewis & Pawan, 1952 in preparation), while much smaller 
quantities may reduce sodium excretion (Chalmers et al. 1951a). The effects 
of applying the cuffs in their experiments may therefore have been modified 
by the effects of the release of antidiuretic hormone, so that their results 
are not strictly comparable with ours. 


SUMMARY 


1, When G.¥.R. was acutely reduced in eight normal subjects by applying 
congesting cuffs to the thighs, sodium excretion was simultaneously reduced. 

2. On release of the cuffs, the c.r.R. rose, but in eleven out of sixteen 
experiments sodium excretion fell further before rising. 

3. This dissociation suggests that the changes in sodium excretion may be 
related to other changes beside those in the filtration rate. 

4. Reduction of sodium output during and after acute reduction of G.F.R. 
is very much less in man than in the dog. 
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AN ELECTROMYOGRAPHIC STUDY OF THE ROLE OF 
THE ABDOMINAL MUSCLES IN BREATHING 


By E. J. M. CAMPBELL 
From the Middlesex Hospital Medical School, London, W. 1 


(Received 5 December 1951) 


The mechanism of normal quiet expiration was described by Starling (1900) 
in Schafer’s Text-book of Physiology in the following words: ‘The diminution 
of the thoracic cavity which gives rise to expiration is under normal conditions 
not associated with the active contraction of any muscles. As the inspiratory 
muscles relax, the lung, in virtue of its elasticity, tends to contract and drag 
the chest wall with it. Moreover, the ribs which have been raised against — 
gravity and the elastic resistance of the rib cartilages return to their previous 
condition, while the slack diaphragm is pushed up into the chest by the 
retraction of the abdominal walls pressing upon the abdominal viscera.’ 
This account is still generally accepted. It is also generally supposed that 
expiration is assisted by muscular action when the volume of the breathing 
is increased or when the mechanism of elastic recoil is impaired. 

Some of the unsettled problems of expiration in man are: 

(1) Which are the expiratory muscles? 

(2) What degree of respiratory activity can be achieved before they are 
brought into action? 

(3) What pattern of activity do they show in relation to the phases of the 
respiratory cycle? Do they come into action early or late in expiration, or is 
the pattern variable? 

The following partial answers are available to these questions. 

(1) A consideration of the origin and insertion of the muscles (Bryce, 1923; 
Wood Jones, 1949; Johnston & Whillis, 1949) and the results of electrical 
stimulation (Duchenne, 1867) suggest that the chief muscles of expiration 
are those forming the anterior and lateral abdominal wall. When contracted 
these muscles raise intra-abdominal tension and therefore tend to drive the 
diaphragm upwards. The external and internal obliques and the rectus ab- 
dominis also draw the costal margin downwards and towards the midline. — 

As to the thoracic muscles, mechanical considerations (Hamberger, 1727) 
and animal experiments (Newell Martin & Hartwell, 1879; Bronk & Ferguson, 

1935) suggest that those most likely to be expiratory in function are the 
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interosseous portions of the internal intercostals. The sternocostalis is probably 
also expiratory in function (Wood Jones, 1949). 

(2) There are no data concerning the volume or force of the respiratory 
movements that can occur before the muscles of expiration are brought into 
action in man; but Newell Martin & Hartwell (1879) and Gesell (1936) have 
made some semi-quantitative observations in animals. 

(3) The relation of activity in these muscles to the phases of the respiratory 
cycle has been examined in animals by Gesell, Magee & Bricker (1940) but 
not in man. | 


_ In the experiments reported in the present paper the relation of the 
external oblique and rectus abdominis muscles to respiratory activity has 
been studied in man. 

| METHODS 
The activity of the external oblique and rectus abdominis muscles was recorded electromyo- 
graphically using needle electrodes. 3 

A record of respiration was obtained by means of a spirometer whose excursions were registered 
on the electromyogram. 

Apparatus 

An Ediswan 4-channel amplifier with ink-writer oscillographs was used. The electrode needles 
were of 23 s.w.g. stainless steel hypodermic tubing coated to within 2-5 mm of the tip with wire 
enamel, 

The spirometer was a water-filled 6 1. Kendrick model. A thread attached to the pulley was 
connected with a writing point; this gave a trace of the spirometer excursion on the electro- 
myograph recording paper. 


Ten healthy young men aged 18-25 were studied. 


Procedure 

The subject lay supine on a couch with one pillow under his head, and occasionally with a 
similar support behind his knees. The skin and subcutaneous tissues were first anaesthetized with 
2% procaine. The needle electrodes were then inserted obliquely through the anaesthetized areas 
into the muscles. Their points were at least 2 cm from the site of the anaesthetic, and the latter 
never interfered with the contraction of the muscle as judged from the electrical record. 


7 Placing of the electrodes | 
External oblique. A pair of needles was placed in the flank in the anterior axillary line midway 
between the iliac crest and the costal margin. The needles were inserted obliquely 2-5-3 cm apart 
in the line of the fibres of the muscle. 
Rectus abdominis, A pair of needles was inserted 2-5-3 cm apart into the main mass of the 
muscle. One of them was usually slightly above the level of the umbilicus and the other slightly 
below. 
The muscles of the right side only were studied. : 
After the insertion of the needles the activity of the muscles was studied under the following 
(1) Breathing quietly with the subject not attached to the spirometer. 
(2) Raising the head from the couch. 
(3) Lateral flexion of the trunk to the right. 
(4) Making a voluntary maximal expiration. 
(5) Making a voluntary maximal inspiration. 
(6) Rebreathing from the spirometer to produce asphyxia. 


j 
3 
a 
, 
oy 
5 
| 
y 


904 M. CAMPBELL 


The records 


At the beginning of each experiment the electrical activity of the abdominal muscles was 
recorded when the subject was not using a mouthpiece and was not attached to the spirometer. 
Such records revealed the presence or absence of any resting activity and ensured that any 
respiratory variation observed in this activity was not due to the disturbance of the subject by 
a mouthpiece or spirometer. 

The abdominal electrodes always pick up the e.c.g. which is a prominent feature of many of the 
records. The e.c.g. does not interfere with their interpretation and is, in fact, of value as a steady 
signal. Thus when movement artifact is considerable (usually when the respiratory excursions 
are markedly increased) the persistence of the e.c.g. in a section of tracing which shows no other 
electrical activity indicates that no muscular activity is taking place and that the electrical silence 
is not due to failure of the recording apparatus to function properly. 

To avoid interference with the electromyograms the writing point of the spirometer tracing 
was arranged at a fixed distance (about 4 mm) ahead of (i.e. to the left of) the electrical record. 
The time interval corresponding to this displacement is given in the legends to the text-figures. 


myogram (¢.m.g.). 
RESULTS 
Resting activity 

The electromyogram recorded at the beginning of the experiment a few minutes 
after insertion of the needle electrodes into the muscles showed some activity 
in most subjects. The activity invariably became less marked as the 
experiment proceeded, and in most subjects it soon disappeared altogether 
(Fig. 3 A-C). It was liable to recur when the needle electrodes were adjusted 
and occasionally the threat of such an adjustment evoked it. It seemed that 
the activity was due to the subject's fear that the insertion or adjustment of the 
needles might hurt him. As his confidence was gained or his attention diverted 
from the electrodes the activity disappeared. 

This ‘resting activity’ was more easily evoked in the external oblique than 
in the rectus abdominis. It was sometimes irregular and unrelated to the 
phases of respiration. However, the resting activity in four of the subjects did 
occasionally vary in relation to the phases of respiration. Fig. 5B illustrates 
the typical result, i.e. a decrease in activity during inspiration and an increase 
during expiration. 


The effects on the electromyogram of movements of the head and trunk 

The two movements employed consisted of raising the head off the couch, 
and lateral flexion of the trunk to the right. Fig. 1 shows that raising the head 
is associated with activity in the rectus but with little activity in the external 
oblique. Lateral flexion of the trunk, on the other hand, is associated with 
activity in the external oblique and little or none in the rectus. When these 
test manoeuvres during an experiment produce the kind of result just described, 
we can conclude that the electromyogram obtained from the rectus electrodes 
is not being seriously affected by the activity of the external oblique and that 
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the electromyogram from the external oblique is similarly not being seriously 
affected by the activity of the rectus. To this type of result we apply the term 
‘good separation’ of the two activity patterns. . 

_ As is shown subsequently, it is probable that the record obtained from 
slectroden in the rectus is due entirely to activity in that muscle. The electrodes 
in the external oblique, however, may also pick up activity from the under- 
lying internal oblique and transversus abdominis. 

_ In seven of the subjects ‘good separation’ was obtained. In the remaining 
skres the difference between the records on carrying out the test movements 
was not as sharp as that obtained in the others. This ‘poor separation’ 
appeared to be due to the inability of the subjects to perform the movement 
of lateral flexion of the trunk without an associated raising of the head. 


Raise head Lat. flex. trunk: 


1 sec, 
A A 


A. A. A a fn A ft A 


Fig. 1. The effects on the electromyogram of raising the head and lateral flexion of the trunk. 
Subject J.H. Records from above downwards; £.0.: the e,m.g. from a pair of needle 

_ electrodes in the right external oblique; Rect.: the e.m.g. from a pair of needle electrodes in 
the right rectus abdominis; time marker in seconds. Raising the head off the couch causes 
activity in the rectus abdominis but little in the external oblique. Lateral flexion of the trunk 


The effects on the electromyogram of voluntary maximal 
inspiration and expiration 

Fig. 2.4 illustrates an experiment in which a maximal inspiration was made 
steadily but not rapidly, held for 3 sec, and ati released and ae by 
a maximal expiration. 

The time taken to achieve full inspiration (3 1.) from the resting seieltatezy 
position was 4 sec; nearly 24 1. was inhaled during the first 2 sec. In the latter 
part of inspiration the rate. of intake of air decreased and was associated with 
the appearance of progressively increasing activity in the rectus and external 
oblique. While the inspiration was maintained the activity remained at about 
its peak for 2 sec but then decreased until at the time of release of the breath 
there was almost none. During expiration there was no activity until the 
lung volume had almost returned to its resting level; activity then appeared 
and became increasingly pronounced until maximal expiration was achieved. 
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In these experiments the subjects were simply instructed to breathe out 
completely. In doing this they always slightly flexed the trunk. Floyd & 
Silver (1950) observed that if the subjects were instructed not to flex the 
trunk the rectus abdominis did not contract during maximal expiration or 
In the experiment illustrated by Fig. 2B the procedure was varied slightly. 
The subject inspired maximally as before, held the breath for 1 sec and then 
made a forced rapid maximal expiration. During the inspiration the record 


1sec 0 


Subject G.M. Records in each case, from above downwards; Z.O.: the e.m.g. recorded from a 


(inspiration upwards); time in seconds. The respiration record is } sec to the left of the 
- e.th.g.’s. A: inspiration held for 4 sec and released and then followed by a maximal expira- 
tion. B: forced expiratory effort made within a second of attaining full inspiration. C: maxi- 
mal expiration made from resting expiratory position and followed by a normal inspiration. 
D: maximal inspiration followed by relaxation to the resting expiratory level and not 
followed by 8 maximal expiration. For the analysis of this figure, see text, p. 225. 


resembles that seen in Fig. 2A. During the maintenance of inspiration activity 


was no significant change in the activity. As the expiration proceeded the 
activity increased and reached its peak at the depth of the expiration. When 
the éxpiration was released activity rapidly declined and disappeared as in 
the previous experiment. 

Thése results were found almost constantly in all subjects. 


pair of needle electrodes in the right external oblique; Rect.: the e.m.g. recorded from a pair. 
of needles in the right rectus abdominis; Resp.; the respiration recorded from a spirometer 


persisted at a high level. At the onset of the sudden forced expiration there _ 
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“The following were the variations noted: 

(i) Usually the activity at the end of i AiR was less marked than that 
occurring during expiration. 

(ii) Usually the external oblique was more active both in inspiration and 
expiration. 

When the maximal inspiration and the maximal expiration were performed 
separately (Fig. 2C, D) the onset and cessation of activity occurred at the 
same chest volume as that at which they occurred in Fig. 2A. 


The effects on the electromyogram of progressive asphyxia 

During the control period in some subjects there was irregular activity in 
one or other of the two muscles which was unrelated to the phases of respira- 
tion (Fig. 3A). Soon after the beginning of the experiment, as the breathing 
increased, there was a phasic diminution in the spontaneous activity during 
inspiration (Fig. 3B) and eventually it ceased altogether (Fig. 3C). In most 
subjects this activity was not prominent, and in many it did not occur at all. 
It is attributed to apprehension. 

As breathing increased still further there was an occasional burst of activity 
in one of the muscles. This always occurred at the end of a deep expiration 

(Fig. 3C). Eventually this activity recurred with every expiration (Fig. 3 D). 
The onset of this regular expiratory effort was always quite sudden and in any 
given subject bore a fairly constant relationship to the tidal volume and rate 
of breathing. 

As the breathing increased during the final stages of the ex alas the 
activity became increasingly marked and occurred progressively earlier in the 
expiratory phase (Fig. 3 2). 

When the experiment was ended by opening the valve on the mouthpiece : 
to the room the activity continued to recur for several breaths. This shows 
that it was not due to the resistance to breathing offered by the spirometer 
(Figs. 3H, 4). 

In some subjects sahbiite occurred relatively early in the expiratory phase 
(Fig. 5), but always continued to the end of expiration and was always more 
marked in intensity if the expiration was deep. Thus in Fig. 5 the volume of 
air expelled in breath y was greater than in z but muscular activity was greater 
in x in which the terminal expiratory — was lower on the record than 
in y. 
~ Some subjects completed expiration with a final increased effort which 
produced a ‘dip’ in the spirometer tracing (Fig. 4). This was always associated 
with muscular activity. 

The relation of the time of onset of electrical activity to the rate and depth of 
respiration. Table 1 shows the rate and depth of ventilation at which one or 
other of the abdominal muscles was first ‘recruited’, i.e. brought into action in 
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Fig. 3. The effects on the electromyogram of progressive asphyxia. Subject M.C. Records from 


above downwards; H.0.: the e.m.g. recorded from the right external oblique; Rect.: the 
e.m.g. recorded from the right rectus abdominis; Resp.: the respiration; time in seconds. 
The respiration record is 4 sec to the left of the e.m.g.’s. A: end of control period and begin- 
ning of experiment. The subject was breathing through a valve to the room. The signal on 
the time marker indicates the duration of inspiration as judged by an observer. At the arrow 
the valve was turned to connect the subject with the spirometer. There is spontaneous activity 
in the external oblique unrelated to the phases of respiration. B: six breaths (29 sec) after 
the end of A. There is an increase in the depth of breathing. Associated with this is a diminu- 
tion of the spontaneous activity in the external oblique during inspiration. C: thirteen 
breaths (76 sec) after the end of B. There is no spontaneous activity. The only activity is 
a small burst in the external oblique at the end of the second expiration. This is the deepest 


of the three seen in the record. The pulmonary ventilation at this time was 44 1./min. 
, Q; four breaths (15 sec) after the end of C. Regular expiratory activity has appeared in the 


_  £ectus abdominis and is beginning to appear in the external oblique. The pulmonary ventila- 


tion at this time was 60 1./min. EF: five breaths (22 sec) after the end of D. It is the end of 
the experiment. At the arrow the valve was opened to the room. The phasic expiratory 
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support of the passive mechanisms of expiration. The threshold of recruitment 
is the pulmonary ventilation at which contraction was regularly occurring as 
judged from the electrical record. The values are the average for the first five 
breaths during which phasic activity was constantly present. The experiment 
was repeated 2-5 times on each subject, and the volume given is the highest 
obtained for each subject. Relatively little variation was observed in spite 


Fig. 4. The effects on the electromyogram of progressive asphyxia. Subject J.H. Records from 
above downwards; #.0.: the e.m.g. recorded from the right external oblique; Rect.: the 
e.m.g. recorded from the right rectus abdominis; R.: the respiration (inspiration upwards). 
Time in seconds. The respiration record is } sec to the left of the e.m.g.’s. The subject had 
been rebreathing air from a 6 1. spirometer for 2 min before this record was taken. At the 
arrow the valve on the mouthpiece was opened to the room. There is well-marked expiratory 
activity in both muscles which continued during the recovery period. 


Reet. 


Fig. 5. The effects on the electromyogram of progressive asphyxia. Subject J.T. The records from 
above downwards are: R. Rect.: the e.m.g. recorded from the right rectus abdominis; Resp. : 
the respiration (inspiration upwards). Time in seconds. The respiration record is } sec to the 
left of the e.m.g.’s. The amount of air expelled in breath ~ is less than in breath y, but the 
electrical activity is greater in x in which the final depth of expiration is greater. 

of the difficulty of making quantitative observations of this kind. In apprehen- 

sive subjects when the experiment was first performed ‘recruitment’ appeared 
early; on repetition of the experiment with anxiety allayed, ‘recruitment’ 
was delayed until a greater increase in tidal volume appeared. It is evident 
from the table that the ‘recruitment’ of the external oblique and rectus is not 
related to the increase in rate, depth or total ventilation. It appears to be an 
individual peculiarity. Although the threshold varies so much between 
individuals it is, nevertheless, remarkable that a pulmonary ventilation of 
45-65 1. can be attained before the abdominal muscles are brought into action. 
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How far are the electrical records fair samples of the activity 
of the two muscles? 
With the electrodes arranged as described above, it is probable that activity 
of the muscle bulk in which they are placed will be recorded within a radius 
of several centimetres. It is not possible to estimate the range of pick-up 
accurately. This raises the following problems: 
(i) Are the records fair samples of the activity of the whole of the muscle 
studied? 
(ii) Does the contraction of other muscles contribute to the activity recorded ? 


TaB.e 1. The relation of time of onset of electrical activity in the abdominal muscles to the rate 
and depth of respiration during progressive asphyxia. 

(The values given for each subject are the averages for the first five breaths during which 
activity was constantly recurring. H.O. external oblique; Rect. rectus abdominis.) : 


Level of respiration at which activity appeared 


Critical tidal 
aS onary 
predominantly Critical &, of vital Critical rate ventilation 
Subject ‘recruited’ volume(l.) capacity per min (l./min) 
2. R.B. Both 2-0 30 1 33 
3. G.M. E.O. 15. 30 20 30 
4. D.F. E.O. 2-4 55 8 20 
5. J.H. Both 3-0 75 15 45 
6. J.8. #0. 1-4 33 20 28 
fe Rect. 1-0 23 24 24 
8. R.Y. EO. 1-2 33 20 24 
9. D.A. BO, 2-5 40 27 65 
10. M.G. £.0. 13 30 14 18 


(i) As the patterns of activity recorded in all the subjects were similar in 
relation to the phases of the respiratory cycle, it is probable that the relation- 
_ ships observed are reliable. It is, however, possible that quantitative esti- 
mates of the degree of respiratory effort at which activity first appeared in the 
muscles, like those presented in Table 1, are unreliable in that a more compre- 
hensive exploration might show regional differences in the muscles. As there 
was such variation between the subjects and no common quantitative relation- 
ship was found, this does not matter very much. _ 

In one subject, however, records were taken simultaneously from three 
separate parts of the external oblique with the following results: 

(a) In all the manoeuvres described above to study the respiratory activity 
the different parts contracted in the same phases of the respiratory cycle. 

(6) There was some variation in the intensity of activity at any moment in 
different parts of the muscle. The lower anterior part of the muscle was 
generally more active than the bulk of the muscle in the flank or the upper 
anterior part. 
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Similar studies were not carried out on the rectus abdominis, but Floyd & 
Silver (1950) found that records from one part were representative of the 
activity of the whole muscle. 

(ii) The other muscles whose activity might be bialeal ups are the diaphragm 
and the muscles of the posterior abdominal wall. In the case of the latter it is 
difficult on anatomical grounds to envisage any respiratory activity in them 
sufficiently intense to be recorded by the electrodes. 

The diaphragm at its origin from the costal margin is within 5 cm of the 
electrodes in the external oblique, and in view of its bulk and importance as 
a respiratory muscle its possible role as a major contributor to the records 
must be carefully considered. That it can be excluded is probable for the 
following reasons: 

(a) Even when the Scaihiaie is salathidiy increased no activity is recorded 
from the abdominal electrodes during inspiration at a time-when the diaphragm 
is strongly contracting. 

(6) The activity recorded at the end of maximal voluntary inspiration 
might at least in part be due to the powerful contraction of the fully descended 
diaphragm. However, if a submaximal inspiration was taken and then 
alternate inspiratory and expiratory efforts made against a closed glottis, the 
electrical activity was less intense during the inspiratory effort. 

The internal oblique and transversus abdominis muscles probably con- 
tribute to the electrical record obtained from the external oblique. Anatomical 
considerations make it almost certain that they have the same respiratory 
functions as the external oblique so it does not matter if their activity is 
recorded. 


DISCUSSION 
These results confirm and amplify the classical account of the part the muscles 
of the abdominal wall play in breathing as outlined in the introduction. The 
muscles studied (rectus abdominis and external oblique) may be active under 
the following circumstances: 

(1) When there is discomfort or fear of discomfort in them. 

(2) During certain movements (head raising, lateral flexion). 

(3) During the development and at the peak of a maximal inspiration. It is 
probable that this contraction of the abdominal muscles is one of the factors 
limiting the maximal inspiratory effort as suggested by Mills (1950). Whether 
the mechanism of this contraction is a reflex from the lungs, from the thoracic 
cage or from the abdominal muscles has not yet been determined. Although 
some activity occurs occasionally at the end of inspiration when the breathing 
is increased by asphyxia, it does not appear that contraction of the abdominal 
muscles is an important factor limiting the depth of inspiration under these 
conditions, 
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: (4) During deep expiration whether made voluntarily or in response to 
asphyxia. It has been émphasized that the muscles are first recruited towards 
the end of expiration and that the force of their contraction increases as the 
expiration proceeds. According to Gesell et al. (1940) this pattern of activity 
does not occur in the expiratory muscles of dogs. They found that the pattern 
is either of the ‘rapidly augmenting’ or of the ‘steady state’ type. Pitts 
(1946) stresses that the ‘rapidly augmenting’ type of activity will ensure the 
rapid expulsion of air at the beginning of expiration. In man it would appear, 
however, that the abdominal muscles are more concerned with accelerating 
the completion of the expulsion of air at the end of expiration when the passive 
forces of recoil are decreasing to zero. 

It is important to stress that these findings should not be extended to cover 
all the expiratory muscles, nor should they be taken as representative of the 
behaviour of the abdominal muscles in postures other than the supine. 


SUMMARY 

1. The external oblique and rectus abdominis muscles have been studied 
electromyographically i in man, and their activity in various forms of breathing 
determined in the supine posture. 

2. They were found to contract in the following circumstances: (i) during 
maximal voluntary expiration; (ii) during expiration when the volume of the 
breathing was increased by asphyxia; (iii) towards the end of voluntary 
maximal inspiration, but not during inspiration when the breathing was 
increased by asphyxia. 

8. It is considered that contraction of these muscles is an important factor 
limiting the depth of voluntary maximal inspiration. It is not a factor limiting 
the depth of inspiration during hyperpnoea. 


4. It is considered that these muscles complete expiration rather than 


initiate it. 
5. A pulmonary ventilation of 40-60 L/min is possible before they are 
employed as accessory expiratory muscles. 


I wish to thank Prof. Samson Wright and Mr W. F. Floyd for their guidance and advice. 
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THE LEVEL OF FREE CHOLINE IN PLASMA 


By J. BLIGH 
From the Department of Physiology, University College, London 


(Received 7 December 1951) 


Although numerous attempts have been made to estimate the amount of free 
choline present in blood and tissue fluids, there is little consistency in the 
results obtained. Table 1 summarizes previous assays of free choline in blood, 
plasma and serum, and shows a wide scatter of values ranging from 1 to 
75 ug/ml. The effect of quite small doses of choline hydrochloride upon blood 
pressure (Dale, 1914) and the recent observation by Hutter (1952) that an 
intravenous injection of as little as 2 mg of choline hydrochloride per kg body 
weight has an effect upon neuromuscular transmission in the cat, suggest that 
such a wide range of values is unlikely. — 


TasBiz 1. Summary of previous determinations of choline in blood and plasma — 


Plasma 

choline 

Authors Date Material Method (ug/ml.) 

uman serum 
Maxim & Vasilui 1929 Human blood Chemical 15-20 
eesch 1925 Serum Bio 2-65-10 
Wrede & Bruch 1931 Blood Chemical 5-10 
Giordano & Rigoletti 1937 Human serum Chemical 10-35 
Eagle Human blood Chemical 
Luecke & Pearson 1944 Human plasma Microbiological 44-75 
Schlegel 1949 © Human serum iologi 1-21 
Appl ‘ ‘ 1951 Human plasma Chemical 2-20 
teele & B 


The obvious difficulty in assaying free choline in body fluids arises from the 
possible hydrolysis of lecithin; the blood contains sufficient lecithin to con- 
tribute 160-300g choline chloride per ml. (Lintzel & Monasterio, 1931). 
Previous publications generally do not contain sufficient experimental details 
to permit retrospective consideration of the various methods employed, and 
it was not felt possible to accept the rather wide range of blood and plasma 
levels without a re-investigation designed to eliminate possible sources of error. 
Chemical, biological and microbiological methods have been used for the 
estimation of choline: the chemical methods based upon the formation of 
reinecke salts, and the double salts of iodine, platinic-chloride and mercuric 
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chloride, are suitable for the determination of choline in larger amounts, in the 
_ absence of interfering substances, but they are not well suited to the determina- 
tion of choline in animal tissues, as they have low specificity and, generally, 
low sensitivity. 

In the biological methods, choline is converted into its physiologically more 
active acetic ester which is assayed on one of several suitable preparations by 
matching the response of the preparation with known strengths of acetyl- 
choline. Such methods possess high sensitivity and a much greater specificity 
than that offered by the chemical methods. — 

The more recent microbiological methods are based upon the need of choline 
in the substrate for the growth of certain micro-organisms. These methods are 
reported to be very sensitive but unspecific, which may account for the high 
values obtained by Luecke & Pearson (1944). Compared with other biological 
methods, the current microbiological methods appear to have no advantages. 

It was concluded that a satisfactory method of choline estimation was most 
likely to be found amongst those. based upon a biological assay procedure, 
consisting of the three independently variable processes of extraction, 
acetylation and assay. It would seem unlikely that any large error in the 
amounts of free choline indicated by previous biological assays could be 
attributed to errors in acetylation and assay, both of which procedures can be 
readily checked by control experiments, while it is evident that the method of 
handling the primary stages of choline extraction is of paramount importance. 
A satisfactory method must allow for the early removal of all possible hydro- 
lytic enzymes and all choline-containing phospholipids, while the reagents 
employed must not themselves produce a rise in free choline, and must also be 
readily removable or be shown to exert no influence upon the assay. It has 
been found possible to use a combination of existing methods of extraction, 
acetylation and assay to this end. | 


METHOD 
Blood was withdrawn in amounts of 5-10 ml. from the animal or human subject into a tube con- 
taining 250 i.u. of heparin, dried on to its internal surface, and immediately centrifuged. To one 
volume of plasma two volumes of distilled water were added, followed by two volumes of a 10 % 
w/v solution of trichloroacetic acid. The tube was shaken and the protein precipitate filtered off. 
The filtrate was extracted with ether until only faintly acid. A known volume of this extracted 
filtrate, usually 3 ml., was acetylated, using the open-crucible method of Mentzer, Corteggiani & 
Carayon-Gentil (1939): the filtrate was first evaporated almost to dryness in a porcelain crucible 
over a boiling water-bath, removed, covered, and allowed to cool. It was then treated for 10 min 
with 1 ml. of acetylchloride, re-evaporated on a water-bath at 70° C in a fume cupboard, and the 
residue taken up to five times the original volume of the extracted filtrate with eserinized Ringer's 
_ solution. The pH of this solution was immediately adjusted to 4 with 0-1 n-NaOH or HCl, and it 
was stored in the cold until assayed. The pH was finally adjusted to neutral and the material was 
assayed against standard acetylcholine solutions on the eserinized rectus abdominis muscle 
preparation of the frog. The concentration of eserine was 1 in 100,000. The direct matching 
technique (Feldberg, 1942) was employed, the test solutions being allowed to act for 1 min. There 
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was no evidence of any interfering substances in the acetylated material. The concentration of 
free choline in the original plasma was calculated, taking the ratio of the molecular weights of 
choline and acetylcholine as 1:1-3. The free choline found in plasma is expressed as yg choline/m]. 
plasma. The use of trichloroacetic acid to precipitate the proteins and phospholipid was first used 
in a method of choline assay by Heesch (1925). Brown & Feldberg (1936) found it satisfactory ; 
the precipitate can be filtered off immediately and the trichloroacetic acid, together with any 
residual phospholipids not carried down with the protein precipitate, are removed simultaneously 
by ether extraction. This procedure was adopted because it was considered to reduce to a minimum 
the possibility of any lecithin hydrolysis. The open crucible method of acetylation has the ad- 
during evaporation. 
RESULTS 

Check of method 
Several blood samples were withdrawn from a dog and a separate choline 
determination was carried out on each sample of plasma. The assay values 
were similar (Table 2), and it is probable that these values represent the 
choline present in plasma as such, rather than a residual fraction a after 
considerable loss of free choline during manipulation. 


TaBLE 2. Assay of successive samples of plasma from a dog 


Sample (ug/ml.) 


> 


TaBLE 3. Recovery of choline hydrochloride added to human plasma 
ChHCl added Assay after Recovery of 


Plasma Ch to plasma ition added ChHCl _ Percentage 
(ug/ml.) (ug/ml.) (ug/ml.) (ug/ml.) recovery 
16 0-8 2-2 0-6 75 
1-4 10-0 11-3 9-9 99 
1-0 10-0 11-2 10-2 102 
1-5 10-0 113 9-8 98 
2-0 5-0 6-4 44 88 
2-1 5-0 5-8 3-7 74 
1-2 5-0 5-6 4-4 88 
1-2 3-8 4:8 36 95 
1-5 3-8 5:3 3:8 100 

Average recovery 91% : 


Ch =choline; ChHCl=choline hydrochloride. . 


Recovery experiments (Table 3) have shown that the loss of added choline 
hydrochloride during the processes of extraction and acetylation is of the 
order of 10%. A loss of this magnitude does not materially affect the main 
conclusions of the investigation. . 

Experiments were designed to detect any increase in free choline, due either 
to enzyme activity, or to the reagents employed in the extraction. When 
plasma was left standing at room temperature for periods of up to 2 hr before 
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the addition of trichloroacetic acid, there was no rise in free choline. This 
confirms similar experiments by Hunt (1915). Similarly, no rise in free choline 
could be detected when whole blood was left for 2 hr before being centrifuged. 
The time during which the trichloroacetic acid could act upon the plasma 
constituents was then varied, but there was no evidence of any rise in choline 
over the 2 hr period.’ It would thus seem unlikely that any increase in plasma 
choline occurred during its extraction. 

The acetylated choline was identified by the usual tests. The response to it of 
the frog’s rectus abdominis muscle was enhanced by eserine, and nullified when 
the material was brought into contact with fresh blood or heated with sodium 
hydroxide. A parallel assay was carried out on an eviscerated cat, the effect on 
the blood pressure of the cat being nullified by atropine. The non-acetylated 
plasma extract had no effect upon the frog rectus preparation. Feldberg 
(1942) has shown that tissue extracts may contain substances which potentiate 
the response of the frog rectus abdominis muscle preparation to acetylcholine. 
When choline was added to the non-acetylated plasma extract, no potentiation 
could be detected. A portion of Ringer’s solution put through the procedure 
of extraction and acetylation was without effect on the assay preparation. The 
quantities of the reagents employed (heparin, trichloroacetic acid, ether and 
acetylchloride) were independently varied without affecting the assay values. 

It has been concluded, as a result of these tests, that the activity being 
measured against standard solutions of acetylcholine on the frog rectus 
preparation was due to acetylated choline extracted from the blood plasma, 
and that this activity was not being affected by other substances present in 
the final solution. There is no indication of any substantial loss of free choline, 
nor is there any evidence of the liberation of choline of phospholipid origin. 


Plasma choline levels 

The plasma choline level of an apparently healthy human subject over 
a period of 6 months was found to remain within the range of 1-1—2-1 ug/ml., 
with an arithmetic mean of 1-36 ug/ml. (Table 4). The absorption of food did 
not influence the choline level of systemic blood plasma. There was no change 
in the level of plasma choline after strenuous exercise on a bicycle ergometer. 
No seasonal variation was found. 
Single estimations of plasma choline were made on samples of blood from 
several normal human subjects of both sexes (Table 5). The results were 
essentially the same as those reported for the subject above, the range of 
values being 1-0-2-1 yg/ml., with an arithmetic mean of 1-36yg/ml. No 


The values obtained for the cat and the dog are of a similar order, while 
those for the rabbit extend over a sapemohcin wider —_ These sarin are 
summarized in Table 6. 
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Tasuz 4, Plasma choline level of one subject (J.B.), male, age 28 years 


TaBxe 5, Plasma choline levels of healthy human subjects 
Time from last Plasma choline 
(ug/ml.) 


bject Age Sex meal (hr) 
G.W. 30 1 
E.P. 27 M. 4 
.M.M. 20 3 
-H.A. 24 M. 0-5 
V.M. 19 F. 0-5 
J. 24 F. 3-5 
N. 23 M. 3-5 
G.D. 24 M. 45 
AS, 42 M. 1 
J.L.P. 46 M. 5 
A.L.G. 34 M. 3-5 
G.B. 21 M. 3-5 
8.B.8. 20 M. 5-5 
W.E.B. 33 Mz 
R.G.M. 16 M. 2-5 
A.W.L. 20 M. 3-5 
R.R. 20 M. 3 
J.F. 19 M. 4 
D.LF. 24 F. 1-5 
Arithmetic mean = 1-36; s.p. =0-33; s.z. =0-075. 
_ Taiz 6, Plasma choline levels of laboratory animals 
No. of of 
Animal Anaesthetic ug/ml.) 
Dog Nembutal 9 | 0-5-1-9 
Cat Ether 3 0:5-0°8 
Rabbit Urethane 4 1-6-5-2 
Rabbit Ether 3 2-7-5-2 
Rabbit Nembutal 4 1-2-2:3 
DISCUSSION | 


Arithmetic mean = 1-36; =0-26; =0-072. 


Time from last meal Plasma choline 
(hr) (yg/ml.) 


studied over a period of 6 months 
Date 
11, xii. 50 2:5 
14. xii. 50 3-5 
2. i. 51 4 
4, i. 51 
8. i. 51 2 
12. i. 51 2 
13. ii, 51 4 
2. iv. 51 4 
5. iv. 51 15 
3. v. 51 
22. v. 51 — 
7. vi. 51 —_— 


te 


The results of this investigation show that the level of free choline in plasma is 
of the order of 1-2 .g/ml. in man, with values of a similar magnitude in the cat 
and dog, and a somewhat higher mean value and wider range in the rabbit. 
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There appears to be no sex difference. Previous attempts to determine blood 
and plasma choline levels have yielded more scattered values. It seemed 
possible that the handling of blood in these determinations was such as to cause 
a breakdown of lecithin. All attempts, however, to obtain similar values by 
deliberate variations in the experimental procedure have failed. This makes 
the suggestion of lecithin hydrolysis a less likely reason for the previous high 
and scattered values. 

The biological assays cited in Table 1 have been carried out mainly on the 
frog heart (Hunt, 1915; Heesch, 1925) and on guinea-pig or rabbit gut 
(Guggenheim & Léffler, 1916; Schlegel, 1949). The frog heart is probably the 
least specific of the available preparations, while there would appear to be no 
objection to the use of guinea-pig or rabbit gut. There is no marked difference 
in the results obtained on these preparations. Some of these earlier workers 
have reported satisfactory recovery experiments, and it is unlikely that the 
discrepancy between this and previous attempts to determine the free choline 
in plasma can be attributed to variations in the method of assay. 

It would seem possible that this constant level of plasma choline is of some 
physiological significance, and an attempt is now being made to study the 
mechanism by which it is maintained. 


SUMMARY 
1. Previous work suggests that the free choline in plasma varies between 
1 and 20yg/ml. A re-investigation of the choline content of human plasma, 
using trichloroacetic acid as protein precipitant, ether extraction, acetylation 
with acetylchloride and assay on the eserinized frog rectus abdominis muscle 
preparation has yielded lower and more constant values (1-2 ug/ml.). 
2. This level remained constant over a period of 6 months, and was un- 


affected by food or by exercise. 


3. The cat and dog have similar levels of plasma choline. There is a some- 
what greater variation in the rabbit (1-2—5-2 ug/ml.). 


This work has been carried out during the tenure of an award from the Agricultural Research 
Council, to whom I express my sincere gratitude. My thanks are also due to Dr H. Ellis Lewis for 
collecting the samples of human blood, to Mr O. F. Hutter for helpful advice and criticism, and 
to Mr R. Featherstone for technical assistance. 
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EFFECT OF CHOLINE ON NEUROMUSCULAR 
TRANSMISSION IN THE CAT 


By O. F. HUTTER* 
From the Department of Physiology, University College, London 


(Received 11 December 1951) 


Early investigations of the actions of choline were largely concerned with its 
relationship to the autonomic nervous system and its action on neuromuscular 
transmission has received comparatively little attention. Gaehtgen (1870) 
described paralysis in cats which had been given large doses of choline by 
intravenous injection, and the peripheral origin in this paralysis was recognized 
by Boehm (1885).' More recently, Bacq & Brown (1937) found that close 
arterial injection of choline causes a contraction of gastrocnemius and a 


of choline on curarized preparations was noted by Pal (1911). In the course 
of some experiments on the blood pressure of cats he observed a return of 
spontaneous movement and respiration when choline was injected. Recently 
a striking restoration by choline of neuromuscular transmission, blocked by 
D-tubocurarine, was encountered in the course of an analysis of post-tetanic 
decurarization (Hutter, 1951). This finding prompted the present re-investiga- 
tion of its actions. The experiments have shown that, although a close 
resemblance exists between choline and those other quaternary ammonium 
compounds, notably decamethonium, which cause persistent depolarization 
at the motor end-plate, choline has some properties which are peculiar to it. 
It seems possible that choline augments the output of acetylcholine from the 
motor nerve endings. 

METHODS 
Cats, either decerebrated or anaesthetized with chloralose, were used. Tension was recorded from 
tibialis anterior excited through its nerve by supramaximal shocks once every 10 sec. For direct 
stimulation the muscle was prepared as described by Brown & Burns (1949a). End-plate potentials 
were recorded from gracilis (Brown & Burns, 19495) using fine platinum electrodes about 5 mm 
apart and a condenser coupled amplifier whose time constant was 0-41 sec. Action potentials 
were recorded with concentric needle electrodes. Close arterial injections into tibialis were made 
as described by Brown (1938). Whenever p-tubocurarine chloride was used, curarization was 
maintained by slow intravenous infusion; the apparatus described by Burn & Dale (1924) proved 
suitable for this. It consists of a burette whose delivery is controlled by a flow of oil through 
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a capillary tube. For initial curarization a positive pressure was created in the reservoir until the 
desired degree of neuromuscular block was attained. Curarization was then maintained by 
suitably adjusting the height of the reservoir. The rate of infusion had to vee greatly between 


enimals, the range of dosage extemding from 025 to mg/kg/ar. 


RESULTS 


Untreated preparations | 

The experiment illustrated by Fig. 1 shows the effect of graded doses of choline 
on the response of tibialis to single maximal nerve volleys. On intravenous 
injection of 7 mg/kg choline chloride there occurred a short lasting potentiation 
of the contractions. With twice this dose the potentiation was greater and was 
accompanied by a fibrillation of the muscle which lasted about 30 sec. This 
stage was succeeded by a transient depression of the twitches which, before 


A B Cc 
Fig. 1. Cat, 1:6 kg, decerebrate. Twitches of tibialis excited by supramaximal shocks to the 
sciatic nerve every 10 sec. Intravenous injection at A, 10 mg; B, 20 mg; C, 50 mg choline 


returning to the pre-injection level, passed through yet another period of 
slight potentiation. With further increases in the dose the early potentiation 
was only momentary and a long lasting depression soon developed. Similar 
effects could be obtained when choline was given to the muscle alone. Fig. 2 
shows the potentiation and depression caused by close arterial injection of 
0-1 mg choline chloride. This dose was too small to evoke a contraction of the 
muscle. When larger doses of choline were given a twitch was caused, but then 
only depression of the subsequent response to nerve stimulation was seen 
(Bacq & Brown, 1937). 

The potentiation of the maximal twitches was not observed in directly 
stimulated, fully curarized preparations, and electrical recording with con- 
centric needle electrodes showed that it is due to the muscle responding 
repetitively to single nerve volleys. 

Fatt (1950) has shown that choline depolarizes the ‘motor end-plate’ region 
of frog muscle. Changes in membrane potential have not been recorded here, 
but the facts, that choline can elicit muscular contraction on close arterial 
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injection, and contracture in chronically denervated muscle on intravenous 
injection, leave little doubt that the depression of the neuromuscular block 
produced by choline is due to persistent depolarization of the end-plate region, 
as occurs with decamethonium (Burns, Paton & Vianna Dias, 1949). The other 
features of the block produced by choline are also in accord with those described _ 
for decamethonium (Paton & Zaimis, 1949). It is not reversed by anticholine- 
esterases: in @ partly blocked preparation an interpolated tetanus neither 
restores transmission, as in the partly curarized preparation, nor causes a 
further depression, as it. does when block is due to inhibition of cholinesterase. 


Fig. 2. Cat, 2-8 kg, decerebrate. (a) blood pressure record, (6) tibialis, supramaximal shocks to 
sciatic nerve at 10 sec intervals, At arrow, close arterial injection of 0-1 mg choline chloride. 


Curarized preparations 

An antagonism exists between choline and p-tubocurarine which finds 
different expression according to the relative concentration of the two agents. 
A small dose of D-tubocurarine, itself insufficient to reduce the response to 
single nerve volleys, ‘protects the preparation against the blocking effect of 
choline; when, on the other hand, enough p-tubocurarine has been given to 
block the effect of single volleys, the most striking action of choline is to restore 
transmission. Fig. 3 shows the relief of block obtained by intravenous injection 
of various doses of choline in a preparation which had received enough D-tubo- 
curarine to reduce the twitches to about half their original tension. With 
3 mg/kg choline chloride there was a definite decurarizing effect and with 
20 mg/kg the relief of block was complete. Further increases in the dose pro- 
longed the decurarizing effect. When very large doses of choline were given 
decurarization was cut short and block, due to choline, supervened. As the 


concentration of choline in the blood diminished, this block gave way to 
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@ renewed restoration of transmission. The smallest dose of choline which, in 

slightly curarized preparations, relieved block was about 0-5-1 mg/kg. 
Decurarization occurred also when the choline was given by close arterial 4 

injection. A dose of 0-3.mg given to a muscle which had received enough 


Fig. 3. Cat, 3-1 kg, chloralose. Contraction of tibialis excited by supramaximal shocks to sciatic 
nerve every 10 sec. 50% curarized. 1 mg atropine. Intravenous injections, at A, 9 mg; 
B, 15 mg; C, 30 mg; D; 60 mg; F, 300 mg choline chloride. Top left: untreated preparation. 


Ww 

m 
| Fig. 4. Cat, 3-2 kg, decerebrate, 90% curarized. (a) Blood pressure record, (6) contractions of 
tibialis excited by supramaximal shocks to the sciatic nerve every 10 sec. At arrow, close It 

arterial injection of 0-3 mg choline chloride. a 


p-tubocurarine to cause nearly complete extinction of twitches, caused a } oc 
prompt restoration of transmission (Fig. 4). Within a minute the twitch tension to 
had reached 80% of its original value. The dose of choline administered in (1 
this way was too small to cause the rise of blood pressure, due to the discharge ch 
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of adrenaline from the suprarenals, which usually attended the restoration of 
transmission on intravenous injection of choline. The decurarization is thus, 
under these conditions at least, entirely due to a local action of choline. 
Intravenous injection of various doses of adrenaline caused only a slight 
increase in the twitch tension of partly curarized muscle; any adrenaline 


_ released by the larger doses of choline used could, seca asc only have had an 


adjuvant effect. 

The combination of decurarization and a potentiation of the maximal 
twitches suggest that these actions of choline might be due to an inhibition of 
cholinesterase. Augustinsson (1948) -has-indeed. shown that choline in vitro 
competes with acetylcholine for true cholinesterase. An explanation of the 
present findings on this basis is not, however, very plausible. As already 
mentioned, a tetanus, i.e. stimulation of the nerve, does not cause further 
depression in preparations partly blocked by choline as it does when block is 
due to inhibition of cholinesterase. If then block by choline is not ascribable 
to such an inhibition it seems likely that the restoration of transmission is also 
caused by some other means. More conclusive evidence for this was obtained 
by recording end-plate potentials from gracilis during administration of 
choline. The preparation was stimulated every 10 sec alternately by single 
supramaximal nerve shocks and by a pair of shocks 1-2 msec apart. Enough 
D-tubocurarine was given to abolish all conducted muscle action potentials in 
response to stimulation by either means. Any decrease in the threshold 
voltage required for spike initiation or in the height of the end-plate potential 
could thus be observed. The end-plate potentials were then recorded con- 
tinuously and their height was maintained as constant as possible by suitably 
adjusting the rate of infusion of p-tubocurarine. Choline chloride was then 
injected at a rate of 1 mg/sec into another vein. This procedure was adopted 
in order to follow any changes which occurred before the intervention of spike 
potentials distorted the form of the end-plate potentials. After 100 mg choline 
chloride had been given the peak voltages of the single and of the summed 
end-plate potentials had each increased by 25% and small.action potentials 
were just detectable at the peak of the summed potentials (Fig. 5). A further 
50 mg of choline chloride were required before single shocks also set up trans- 
mitted responses, even though the peak voltage of the end-plate potentials 
was still below that required earlier for spike initiation on paired stimulation. 
It thus appears that both an increase in the size of the end-plate potential and 
a lowering of the threshold for firing contribute to the decurarization. No 
change in the time course of the end-plate potentials could be detected. This 
constitutes direct proof that the decurarization observed is not attributable 
to a reduction in the rate of removal of acetylcholine, since Eccles & Macfarlane 
(1949) have shown that the increase in end-plate potential obtained with anti- 
cholinesterases is invariably associated with a prolongation of the time to peak 
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and to half decay. A slight inhibition of cholinesterase by choline in vivo 


cannot, however, be entirely excluded by these experiments since, as Berry & 


Evans (1951) have shown, a considerable degree of inhibition is necessary — 


_ before any changes in neuromuscular transmission become evident. 


5 10 
Minutes 
Fig. 5: Cat, 4-0 kg, chloralose. Plot of peak voltages of end-plate potentials recorded from gracilis 
during intravenous infusion of choline at a rate of 1 mg/sec. Closed circles (@) single stimuli, 
open circles (©) paired stimuli 1-2 msec apart. Upstrokes (6 @) denote action potentials 
arising from distant end-plate foci, appearing as ‘spikes’ on the ‘tail’ of the end-plate 
potential. Arrows (4 @ ), action potentials arising from peak of the end-plate potential. 


Effect of physostigmine 
Though choline does not appear to act by inhibiting cholinesterase a curious 


relationship between it and physostigmine has been observed. Fig. 6 shows — 


the effect of intravenous injection of 3 and 7 mg/kg choline chloride on the 
twitch tension of tibialis before and after treatment with 0-2 mg physostigmine 
_ sulphate. The small dose of physostigmine, which had little effect per se, 
greatly increased the potentiation due to choline. When, on the other hand, 
enough physostigmine was given to cause considerable potentiation of the 
response to single nerve volleys, even 1 mg/kg choline chloride reduced this 
potentiation, and 3 mg/kg caused block. Zaimis (1951), reporting a similar 
additive effect between decamethonium and physostigmine, suggests that the 
latter acts by increasing non-specifically the excitability of the muscle. It is 
‘most likely that this explanation is also applicable here, but a direct addition 
between choline and any acetylcholine protected from canes probably 


also plays a part. 
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Decurarization by acetylcholine | 
It has been repeatedly demonstrated that acetylcholine will restore trans- 
mission in curarized preparations if its immediate destruction is prevented 
(Rosenblueth, Lindsley & Morison, 1936; Wilson & Wright, 1936). In the 


Fig. 6. Cat, 2-1 kg, chloralose. Contraction of tibialis excited by supramaximal shocks to sciatic 
nerve every 10 sec. (a) Intravenous injection at A, 7 mg; B, 15 mg choline chloride. (b) At 
C, 7 mg; at D, 15 mg choline chloride. Between (a) and (b) 0-2 mg physostigmine sulp hate 


(a) 


A 
Fig. 7. Cat, 4 kg, chloralose. Contraction of tibialis excited by supramaximal shocks to sciatic 
nerve every 10 sec. (a) 90 % curarized. At A, close arterial injection of 0-9 mg acetylcholine 
chloride; at B, ©/ mig sholins chioride. (b) Twitch tension after recovery from curarization. 


absence of anticholinesterases acetylcholine is, however, no more effective than 

a chemically equivalent amount of choline. Thus close arterial injection of 
0-9 mg acetylcholine chloride and 0-7 mg choline chloride caused decurariza-. 
tions which were closely comparable in their degree and duration (Fig. 7). In 

only one respect did the effect of the two injections differ. With acetylcholine 

the muscle gave a large mechanical response which was absent when choline 

was given, | 

_ DISCUSSION 


The features of the neuromuscular block produced by choline agree closely 


with those described by Paton & Zaimis (1949) for decamethonium. Indeed 
choline may well be considered as the prototype of those quaternary ammonium 
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compounds which, with varying degrees of specificity and potency, block — 
neuromuscular transmission through persistent depolarization of the motor 
end-plates. The protection afforded by small doses of D-tubocurarine against 
block by these substances is likewise a common feature. 

In doses below the blocking level choline, like decamethonium, causes 
repetitive discharges of the muscle fibre to single maximal volleys. Zaimis 
(1951) has shown that the weak anticholinesterase activity of decamethonium 


is not responsible for this effect and the experiments with end-plate potentials _ 


reported here show that the same is true for choline. — 

The striking resemblance of the actions of decamethonium and choline on 
untreated preparations has prompted some experiments to determine whether 
decamethonium, if tested under similar conditions as choline, will also 
decurarize. This was indeed found to be so (Hutter & Pascoe, 1951), but some 
unexpected differences between the two compounds were revealed by recording 
end-plate potentials.’ In the‘ case of decamethonium decurarization occurred 
without any detectable increase in the size of the end-plate potentials, in fact 
they sometimes showed a slight decrease. This observation finds ready explana- 
tion if it is supposed that, in the curarized preparation, decamethonium exerts 
a slight depolarization only, so that the amount of further depolarization 
required for initiation of propagated responses is reduced. Its action would 
thus be similar to a subthreshold catelectrotonus (Katz, 1939). In the case of 
choline, however, decurarization is not simply due to a lowering in the 
threshold, for an appreciable increase in the end-plate potentials occurs as 
well. An additional mechanism must therefore be at work. It is unlikely that 
the release of adrenaline caused by choline is responsible since the increases in 
end-plate potentials were equally clear in adrenalectomized preparations. 
Brown & Feldberg (1936) have found that the amount of acetylcholine 
appearing in the outflow from perfused superior cervical ganglia during pre- 
ganglionic stimulation increased when choline was added to the perfusion 
fluid. The observed increase in the end-plate potential could be accounted for 
if choline similarly augmented the amount of acetylcholine liberated per 
impulse by the motor nerve ending. 

Choline, as precursor and breakdown product of acetylcholine, ciamsrily 
plays a part in the events at the neuromuscular junction and the question 
arises whether it is ever present there in sufficient concentration to have any 
of the actions here described. First there is the possibility that the choline in 
plasma may itself be of some significance. The normal range for plasma frec- 
choline cited in the literature (see Bligh, 1952) extends from 1 to 20 mg/l. 
A rough estimate of the maximum plasma concentration, attainable on intra- 
venous injection of the smallest effectively decurarizing dose of choline, gives _ 
a value which just falls within this range. The concentration of choline might, 
therefore, be one of the factors which determine the sensitivity of different 
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subjects to D-tubocurarine. It seems doubtful, however, whether the higher 
values for plasma choline are trustworthy, for much smaller doses of choline 
than are necessary to decurarize have pronounced muscarinic effects. A recent 
investigation of plasma choline concentration by Bligh (1952) has given values 
in man, cat and dog ranging closely around 1 mg/l. It appears then, that the 
normal level of choline is nicely adjusted so that, while present as possible 
precursor for acetylcholine synthesis, it does not reach concentrations in which 
it had the effects here described. 

The possibility that enough choline to cause an appreciable depolarization 
remains at the neuromuscular junction after a tetanus may also be discounted, 
for in @ preparation partly blocked by choline a tetanus does not deepen the 
existing block. A similar tetanus in a partly curarized preparation causes 
a restoration of transmission. It follows, therefore, that this decurarization 
also cannot be attributed to a persistent sub-threshold depolarization. This 
conclusion agrees with the other known features of post-tetanic decurariza- 
tion; Feng (1941) and Brown & Burns (1949, personal communication) have 
found that an increase in the size of the end-plate potential rather than a 
decrease in the threshold for firing accounts for the restoration of transmission. 
There is also some indirect evidence (Hutter, 1951) which suggests that post- 
tetanic decurarization is due to a greater output of acetylcholine by the motor- 
nerve endings. Whether such an increased output is due to a greater availability 
of free choline at the nerve ending cannot be decided at present for other 
factors may play a role, but the increase in the end-plate potential observed 
with choline lends some support to such a hypothesis. 


SUMMARY 


1. In decerebrate and anaesthetized cats intravenous injection of choline 
blocks neuromuscular transmission. In doses below the blocking level it causes 
fibrillation and repetitive firing of the muscle in response to single nerve 
volleys. Close arterial injections of choline have the same effects and in 
addition elicit a contraction of the muscle. 

2. In preparations blocked by p-tubocurarine the most striking action of 
choline is to restore neuromuscular transmission, and large doses are required 
to produce block. 

3. Records of end-plate potentials from gracilis showed that both an 
increase in the peak voltage, and a lowering in the threshold voltage required 
for initiation of propagated responses, contribute to the decurarization. 

4. The neuromuscular block and the reduction in threshold observed can 
be ascribed to depolarization at the motor end-plate region by choline. The 
increase in the end-plate potential must, however, be due to another 
mechanism. It is suggested that choline may increase the output of acetyl- 
choline from the motor-nerve endings. 
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5. Nochange in the time course of the end-plate potentials could be detected - 
when choline was given, Choline, therefore, does not act by inhibiting 
cholinesterase. 

6. The question whether: choline is ever ae present at the neuro- 
muscular junction in a concentration sufficient to have any of the effects here 
described is discussed. 


I wish to thank Mr J. E. Pascoe for his help in the experiments involving electrical recording, 
and Mr R. Featherstone for technical assistance. This work was aided by an equipment grant from 
the Central Research Fund of the University of London. 
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REPEATABLE ‘MICROSHOCKS’ OF CONSTANT STRENGTH 
IN GUINEA-PIG ANAPHYLAXIS 


By H. HERXHEIMER 
From the Surgical Unit, University College Hospital Medical School, London 
(Received 18 December 1951) 


Fatal anaphylactic shock can be produced by the reaction between widely 
differing amounts of antigen and antibody. It may be assumed that the 
lethal effect is the same whatever the extent of the reaction beyond a necessary 
minimum of antigen and antibody. Most poisons act in a similar way: they 
produce the same lethal effect, whether the minimum lethal dose is used or 
multiples of it. If their lethal effect is to be counteracted by an antidote, the 
dose of the antidote must be varied according to that of the poison. A dose 
counteracting the minimum lethal dose could not be expected to prevent 
death from double the lethal dose. Such a relationship between poison and 
antidote may also be suspected for anaphylactic shock, whatever its mechanism. 
If the reaction of antigen and antibody produces a substance or substances 
causing the shock, the amount of these substances will vary with the number 
of antigen and antibody units involved. We should expect that the dosage of 
& counteracting or protecting substance must also vary accordingly. It 
follows that experiments which end in lethal anaphylactic shock have little 
quantitative meaning, as the lethal shock may be produced by widely differing 
amounts of shock-causing agent. : 

As Kabat & Landow (1942) have shown, it is possible to produce mild 
anaphylactic shock by reducing the amounts of antigen used. Humphrey 
(1951) has tried to distinguish degrees of non-lethal shock according to the 
severity of the symptoms. The method described here goes further and 
consists in the production of non-lethal shock of a definite intensity. It is 
assumed that shocks of the same intensity are induced by an approximately 
constant amount of antigen-antibody reaction. Protective drugs can there- 
fore be tested quantitatively. | 

METHOD 


In order to prevent a lethal effect the shock substance is introduced as an 
aerosol, Guinea-pigs are injected intramuscularly 21 days beforehand with 
0-7 ml. of a 5 % solution of crystalline egg albumin. The exposure to aerosol of 


iz 
2 
a 
hg 
¥ 
+3 
4 


252 7 | H. HERXHEIMER 


the same solution is carried out in a glass case measuring 24 by 12 by 12 in. 
which is open on one side and resembles an aquarium. It is placed open side 
down on a smooth surface covered by rubber. A hole in this surface is con- 
nected by tubing to a commercial nebulizer filled with the antigen. The 
aerosol is created by compressed air which drives the liquid through the 
nebulizer and the tubing into the glass case. The amounts of antigen intro- 
duced are very small. They act on the surface of the most sensitive organ of 
the guinea-pig—the bronchi—and the effect becomes visible after a very 
short time, 15-60 sec. The shock symptoms are the usual ones, but instead of 
appearing in quick succession with a fatal outcome, their severity increases 
gradually as more and more antigen is inhaled. The first sign is usually a change 
in respiration. The abdominal muscles are used on both sides and the abdominal 
walls are drawn in by the respiratory effort. These movements gradually 
become stronger. They are sometimes interrupted by a sneeze: the respiration 
may then become slower and deeper, or more rapid and shallow; in the latter 
case the whole animal takes part in the movement which can be observed best 
by watching the head move rapidly to and fro. At this stage the animal must 
be taken out. Otherwise gasping for air, convulsions, passing of urine, cyanosis 
and possibly death will follow in quick succession. Individual differences are 
great. In. some guinea-pigs the period between the appearance of deep 
abdominal contractions and convulsions is short, in others longer. Some 
always sneeze early, some do not sneeze at all. The moment at which the 
respiratory distress is so great that convulsions may occur is called the 
‘convulsion point’, and the duration of the period of exposure to the aerosol 
the ‘preconvulsion time’. 

The decision whether convulsion point has been reached is difficult and 
subjective. For this reason in all our experiments two observers were present 
who had gained a long experience. The difficulty arises mainly with the long 
preconvulsion times. If the animal is very sensitive and heavy breathing 
occurs after an exposure of 60-100 sec, convulsions will follow usually within 
a few seconds, and the possible error is small. If the preconvulsion time 
becomes longer, the stage of severe dyspnoea also may last longer and the 
possible error increases. If severe dyspnoea begins after 400 sec or later, it is 
sometimes uncertain whether convulsions will follow at all. In these cases 
preconvulsion time means the period necessary to produce severe dyspnoea. 

If a sensitized animal is exposed to the shock-producing aerosol for the 
first time, its reaction may occur very rapidly, the first signs appearing after 
15-60 sec and convulsion point being reached a few seconds later. If it is 
exposed again at daily intervals its reactions occur less rapidly. The precon- 
vulsion time increases quickly by 30-50 % or more from exposure to exposure. 
This is presumably due to desensitization, and if this process of daily exposure 
is continued, the animal will be practically desensitized (i.e. convulsion point 
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can no longer be reached) after four to six exposures. If now an interval of at 
least 8-10 days is interposed, reformation of antibodies will take place and 
the resensitized animal will again show a preconvulsion time of 80 sec or less. 
If, instead of at an interval of 8-10 days, exposures take place at an interval 
of 2-7 days, an intermediate stage between desensitization and resensitiza- 
tion is reached; some reformation of antibodies has taken place, and the 
preconvulsion time will be between 80 and 130 sec. On this level it can be kept 
approximately constant by adapting the interval to the individual reaction of 
the guinea-pig. 
RESULTS 
_ Table 1 shows the change in preconvulsion time in nine guinea-pigs exposed 
once on each of 3 consecutive days. The animals, nos. 54, 58 and 60, show some 
irregular variations, but for all animals the times show an increase. Table 2 
shows repeated exposures at 2-3 hr intervals; here desensitization is almost 
complete after the fourth exposure. Twenty-four hours later, it has not 
progressed further. On the contrary, in animal no. 126, some resensitization 
has already begun. After 8 days, resensitization appears to be complete. 
Table 3 shows the maintenance of a satisfactory constant preconvulsion time 
at 2-3-day intervals, and the variations one is likely to find. Table 4 shows 
a few values obtained for the protective action of promethazine (phenergan). 
For this purpose the mean preconvulsion time in the exposures before and 
after the experiment with promethazine have been a with the pre- 
convulsion time during it. 
DISCUSSION 
Aerosolized inhalants were first used by Kallés & Pagel (1937). Ratner & 
Gruehl (1931) have used dry finely powdered substance for inhalation in 
a similar way. The use of inhaled aerosols for repeated mild shocks does not 
appear to have been tried before. 
The method is based on immunological facts which have been well known 
for many years: (1) after an incomplete shock the guinea-pig remains shock- 
refractory for some time, and (2) this refractoriness disappears later. These 
phenomena have been ascribed to desensitization and resensitization. If an 
intermediate stage between the two exists it must be theoretically possible to 
maintain a constant state in which partial or mild shock of a certain degree 
can be produced and repeated. We have found this intermediate stage and 
have been able to vary the intensity of the attack by varying the interval 
between exposures. We have found it a practical method of producing mild 
shock of constant intensity and we regard this kind of shock as a ‘microshock’ 
(Urbach & Gottlieb, 1946). As would be expected, the method has its advan- 
tages and disadvantages. The advantages are its repeatability and its resem- 
blance to human asthma which probably is no coincidence. The disadvantage 
is the variability of the figures obtained. This is due partly to errors inherent 
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Taswx 1. Increase in preconvulsion time when microshocks were given at daily intervals 


Animal 18. vi. 51 19. vi. 51 - 20. vi. 51 
no. (sec) (se) (sec) 
53 45 57 80 
54 70 105 100 
56 60 15 75 
58 55 85 80 
60 - 66 45 65 
66 55 70 85 
67 50 75 95 
68 70 80. 115 
69 55 70 90 

Mean 57 64 78 


Tass 2. Increase in preconvulsion time when microshocks were given at intervals of several hours 
Animal no. 11.20a.m. 2.00pm. 4.15pm. 6.15pm. 24hr later 8 days later 


123 70* 150 360 660T 58 
124 80* 127 886 55 
125 85* 95 555 650T 80 
126 61* 210 450 375 1 60 


* In this experiment 1-6 % egg albumin was used, otherwise 5 %. 

t De symptoms of moderate dyspnoea were present but did 
not increase in severity. 

Convulsed. 


were given at intervals of 2-3 days 
Animal no. 23. vi.51 25. vi.51 27. vi.51 30. vi. 51 2, vii. 51 
53 80 85 75 95 95 
54 105 105 135 95 110 
56 80 100 80 90 15 
-— 66 100 120* 140* 110* 100 
67 125 90 130 100 110 
69° 120 85 115 130 130 
Mean 103 97 112 103 103 
* Convulsed. 


_ Tasie 4. Protective action of promethazine (phenergan). The influence of increasing doses 
of this substance on the preconvulsion time 


Dosage No. of phenergan phenergan 

(mg/kg) (sec) (sec) 
0-01 5 108 103 
0-025 6 108 140 
0-05 9 109 144 
0-1 8 133 262 
0-1 8 136 288 
0-25 7 107 542* 
0-5 7 133 
0-75 6 123 521 
1-5 7 161 556 
3-0 7 125 376 

° One animal did not show severe dyspnoea. The preconvulsion time has been ignored in this 


average. 
t Two animals did not show severe dyspnoea. ignored in 
the average. 
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in the method of assessing convulsion point. They can be compensated by 
increasing the number of observations. The other cause of variability lies in 
the differing individual reactions of the guinea-pigs, some of which will vary _ 
in their reaction from day to day whilst others will remain fairly constant. 
These variations remain even if other errors are excluded from the technique. 
The nebulizer used must remain the same because of its individual charac- 
teristics; the nebulizing pressure must remain constant; animals which tend 
to be excited and breathe abnormally before the exposure must be excluded, 
_ for, with a greater volume of ventilation, they would be exposed to a greater 
amount of inhalant. Some animals become so conditioned to the procedure 
that they start panting immediately they are put into the inhalation box. They 
cannot be used for experiments. Another point is that sooner or later the 
spontaneous desensitization which begins several months after the sensitizing 
injection gradually increases the preconvulsion time so much that the animal 
ceases to be useful for timed experiments. 


SUMMARY 

1. In guinea-pigs sensitized to egg albumen mild shock is produced by 
inhalation of antigen aerosol. By ending the exposure just before the con- 
vulsion stage fatal shock is avoided. The period of exposure to the antigen 
aerosol is termed the preconvulsion time. | 

2. If the animal is gradually desensitized by rapidly repeated exposures, 
the preconvulsion time becomes longer. If the time between exposures is 
increased, the preconvulsion time becomes shorter because resensitization takes 
place. 

3. For each animal an interval between exposures can be found after which 
the preconvulsion time remains approximately constant. 

4, The method has been found useful for testing quantitatively the action 
of substances counteracting or enhancing anaphylactic shock. 
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COLLAGEN IN REGENERATING LIVER OF THE RAT 


By R. D. HARKNESS 
From the Department of Physiology, University College, London 
cue (Received 5 June 1951) 


There is a considerable amount of information available about biochemical 
_and histological changes in the liver during regeneration after partial hepat- 
ectomy. Almost the whole of this information is, however, about changes in 
the hepatic parenchymal cells which make the greater part of the liver; very 
{little is known specifically about changes in the other constituents. This is 
perhaps not surprising because the changes in hepatic cells are so very 
conspicuous. It is clear, however, that the rapid growth of hepatic paren- 
chymal cells is only a part, if a major one, of the more general morphogenetic 
problem of the reconstitution of the liver as a whole organ. As an approach 
\\, to this problem the collagen content of regenerating liver, as an index of 
‘growth of supporting tissue, has been taken for study. The results show that 
“formation of new collagen lags considerably behind the formation of new 
parenchymal tissue. A preliminary account of this work has already been 
published (Harkness, 1950). 


METHODS 


The rats used were male and female albinos weighing 100-300 g. At operation the median and left 
lateral lobes of the liver were removed aseptically under ether anaesthesia (Higgins & Anderson, 
1931). The animals were taken in batches of the same sex and approximately the same weight. 
In general, equal numbers from each batch were chosen for operation randomly (by reference to 
a table of random numbers) and killed 1, 2, 3, 7 or 21 days after operation, or were chosen to 
serve as normal controls. In some smaller batches 1- and 21-day animals were omitted. The 
animals were kept in a room at 26-27° C from a week before the operation until death, and allowed 
free access to water and food (M.R.C. diet 41; Parkes, 1946) at all times. 


Estimation of collagen 
Initially the choice seemed to be between two methods, that of Lowry, Gilligan & Katersky 
(1941), or that of Spencer, Morgulis & Wilder (1937). The former was chosen after both had been 
tried in the modified forms described below. Animals were killed by breaking the neck. Liver 
for analysis was removed rapidly, blotted, and chopped up into small pieces of about 100 mg 
_ with fine scissors. The fragments were mixed in a beaker to secure a reasonably homogeneous 
mass for sampling. This technique was used in the absence of a homogenizer which was capable 
of cutting up the connective tissues of liver and distributing them evenly in a suspension. 
Method of Lowry, Gilligan & Katersky (1941). Samples of about 500 mg of chopped liver were 
weighed and ground with about } ml. of distilled water in a small Potter-Elvehjem homogenizer. 
The ground up tissue was washed out with n/10-NaOH into a centrifuge tube, and its volume 
made up to about 12 ml. with the same solution. It was then shaken thoroughly and allowed to 
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stand with occasional further shakings for 24 hr at room temperature (preliminary extraction). 
This extraction removes most proteins other than collagen and elastin. It was then centrifuged 
at 3000 rev/min for 1 hr. The supernatant was drawn off and the solid resuspended in n/10-NaOH 
in which it was left for 2 hr with occasional shaking (second extraction). The solid was then 
centrifuged down again and suspended in distilled water. A drop of 0-1% phenol red was added 
and the pH was adjusted to 7-7-5 by adding dilute hydrochloric acid (about »/100), sufficient 
time being allowed for all the alkali to diffuse out of the suspended material. It was then centri- 
fuged and resuspended in a ‘mixture of $ vol. 95% ethanol and 1 vol. of ether for about 10 min, 
centrifuged again, resuspended in ether for 10 min and recentrifuged. The supernatant ether was 
then drawn off and the sample allowed to dry at room temperature. Collagen was then estimated 
from the amount of N made soluble by autoclaving (Abercrombie & Johnson, 1946) instead of 
from loss of weight after autoclaving as in the original method. About 5 ml. of distilled water was 
added. The tube containing the sample was then put in a beaker, covered with a Petri dish lid, 
and autoclaved for 6 hr at 30 Ib./sq.in. pressure. The volume of fluid was made up to about 10 ml. 
with distilled water, and the sample was placed in a boiling water-bath for 0-5-1 hr with 
occasional stirring to get the solubilized material evenly distributed in solution. It was then 
cooled, made up to exactly 10 ml. and centrifuged. A 7-5 ml. aliquot was taken for digestion 
overnight with 0-5 ml. of concentrated sulphuric acid to which was added 250 mg of a mixture 
of K,SO, and sodium selenate (25 mg sodium selenate to 10g K,S8O,). Since the amount of 
ammonia formed was too small to be estimated easily by the usual micro-Kjeldahl distillation, it 
was estimated colorimetrically by nesslerization. A photoelectric colorimeter of the type described 
by King (1946) was used. 

In some of the samples of regenerating liver, mainly those taken at 24 hr, the preliminary 
NaOH extract was very viscous, so that the insoluble material fell more slowly than usual during 
centrifugation and had not gone down to the usual small compact plug after an hour. When 
this happened some of the supernatant was drawn off and replaced by n/10-NaOH. The tube was 
shaken and immediately centrifuged again, before the second extraction with n/10-NaOH. 

Method of Spencer, Morgulie & Wilder (1937). In the original method the liver was dried with 
acetone and powdered. Samples of the powder were autoclaved with water at 20 Ib./sq.in. 
pressure for 2 hr. The liberated gelatin was precipitated by tannic acid, and the amount estimated 
by determination of nitrogen. 

This method was modified first by omission of the drying in acetone. The same modification 
has been used by Lightfoot & Coolidge (1948). The samples of liver were homogenized and placed 
in a boiling water-bath for 10-15 min with 5 to 10 times their weight of water. They were kept 
in the refrigerator overnight, and autoclaved the next day. After this they were placed on 
a boiling water-bath for 0-5 hr with occasional stirring to distribute the solubilized material 
evenly, and then filtered through Whatman No. | filter-paper. Samples of the clear fluid obtained 
were then treated either with an equal volume of 10% trichloroacetic acid to precipitate material 
other than gelatin (Janota, 1943), or acidified and treated with an equal volume of 5% tannic 
acid (B.P.) as in the original method. In each case the precipitated material was centrifuged down, 
and nitrogen in it estimated by the micro-Kjeldahl procedure. After digestion by the same 
procedure as used for the method of Lowry et al. the ammonia was distilled into 1% boric acid 


with methyl red-bromcresol green indicator (Conway, 1947), and titrated with standard hydro- 
chloric acid. 


RESULTS 
Assessment of methods 
Effect of autoclaving time. Lowry et al. recommended a time of 4 hr at 
50 Ib./sq.in. pressure or 6 hr at 25 lb. Spencer et al. used 2 hr and 15-20 lb. 


pressure. In this experiment samples were autoclaved for 1, 2, 3 and 5 hr at 
30 Ib. The results are given in Fig. 1. 
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In the Spencer method the solubilized N was much greater than in the 
Lowry method. The N precipitable by trichloroacetic acid rose to a maximum 
at 2-3 hr then fell. The N precipitable by tannic acid rose throughout the 5 hr. 
It was found that if the supernatant from the trichloroacetic precipitation 
was precipitated with tannic acid, the amount of nitrogen in the precipitate, 


_ when added to that in the previous trichloroacetic precipitate, was equal 


to that obtained by tannic acid precipitation alone in the original solution. 
In one experiment tannic acid precipitation of a sample gave 0-66 mg more N 
than trichloroacetic precipitation, while tannic acid precipitation of the 
trichloroacetic supernatant gave 064mg N. In another experiment the 


300 » 


A 


mg N/100 fresh liver 


Autoclaving time (hr) 


Fig. 1. Effect of autoclaving time, at 30 1b./sq.in. pressure, on amount of N brought into solution. 
Curves A and B, method of Spencer et al. (1937); curve A, trichloroacetic precipitable N; 
curve B, tannic acid precipitable N; curve C, method of Lowry et al. (1941). 


corresponding figures were 0-89 and 0-91 mg N. In other words, it is probable 
that the material precipitated by trichloroacetic acid, which is not gelatin 
(Janota, 1943), is also precipitated by tannic acid. Thus it seems that the 
method is wrong at least by the amount of the trichloroacetic acid precipitable 
N. It seems probable that a considerable amount of the other tannic acid 
precipitable material is also not gelatin, for it increases continuously up to 
5 hr autoclaving. Indeed, Fig. 1 indicates that it would increase still further 
if the time were increased. Collagen should be completely solubilized by this 
time and probably reticulin also if liver reticulin behaves like that of spleen 
and fatty tissue (see Bowes & Kenten, 1949). It was thought that these high 
results might be due to omission of the acetone-drying process. However, 
liver dried in this way gave almost the same results as above when autoclaved 
at 30 Ib for 5 hr. 
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In the Lowry method the solubilized nitrogen rose almost to its maximum at 
Lhr. None of the solubilized material was precipitable with trichloroacetic acid. 

As a result of these experiments the method of Lowry et al. was chosen 
and checked further as follows. 

Effect of variation in conditions of extraction with NaOH (Method of Lowry, 
Gilligan & Katersky). The effect of varying the conditions of extraction with 
n/10-NaOH was investigated in order to find out whether there was any loss 
of collagen. It is during the extraction with NaOH that loss is most likely 
to occur. 

First, the effect of carrying out the preliminary extraction at 0° C instead 

of at room temperature and the effect of prolonging it, at room temperature, 
to 48 hr were investigated. Samples from a single normal liver were used. 
Five samples estimated by the standard method (24 hr at room temperature) 
gave a mean of 34:5 mg collagen N per 100g fresh liver, s.z.+1-7. The 
corresponding figure for four samples extracted for 24hr at 0°C was 
33-1 + 0-6, and for four samples extracted for 48 hr at room temperature was 
34:4 + 3:3. 
Secondly, the effect of repeating the preliminary extraction was investi- 
gated. At the end of 24 hr the sample was centrifuged, and the solid re- 
suspended in n/10-NaOH for a further 24 hr at room temperature. In one 
experiment four samples from normal liver gave a figure of 28-4+1-0 mg 
collagen N per 100 g fresh weight by the standard method; four samples in 
which the extraction was repeated gave 21:3+1-9 mg collagen N per 100 g 
fresh weight. Corresponding figures for a second experiment were 33-3 + 1-0 
and 28-4 + 1-8 (three samples). 

From these experiments it was concluded that there is danger of loss of 
collagen during extraction on n/10-NaOQH but that the losses must be 
normally small. 

Nature of the material solubilized. Lowry et al. (1941) checked by Millon’s 
test that their solubilized material after autoclaving contained no detectable 
tyrosine. It was thought advisable to extend this check. With this object, 
some of the material estimated as collagen was hydrolysed with 6 N-HCI for 
24hr at 100°C. The amino-acid composition of the hydrolysate was then 
investigated by filter-paper chromatography. The acid hydrolysate was 
neutralized, desalted in an apparatus similar in principle to that of Consden, 
Gordon & Martin (1947), and run on a 20 x 20 cm square of Whatman No. 1 
paper first in phenol ammonia, then in collidine in the apparatus described by 


Datta, Dent & Harris (1950). The amino-acid pattern was developed by. | 


spraying with 0-1% ninhydrin in butanol. This pattern (Fig. 2) was, within 


the quantitative limits of the method, the same as one would expect from — 


published analyses of the amino-acid composition of collagen (see Bowes & 
Kenten, 1949). The high glycine, proline and hydroxyproline content and 
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low tyrosine content found are particularly characteristic of collagen and 
allied substances. The pattern of spots was compared with a sample of gelatin 
(B.p.) hydrolysed and otherwise treated in the same way. The two patterns 
were practically identical when samples containing the same quantity of 


nitrogen were compared. When the comparison was made on a weight basis, 


however, about twice the weight of ‘collagen’ was needed to match a given 
weight of gelatin. This was almost certainly because the ‘collagen’ contained 
silicious material which probably came from the homogenizer. It was identified 
tentatively as silicious since it resisted boiling in concentrated sulphuric 


Fig. 2. Paper chromatogram of the amino-acids in an acid hydrolysate (37-5 yg N) of the material 
estimated as collagen by the method of Lowry et al, (1941). Phenylalanine and the leucines 
are not separated since diethylamine was not used in the collidine run. The dotted lines on 
the key represent spots which were just visible on the original chromatogram, but did not 
appear in the reproduction. 


acid overnight. The possibility of errors arising from this source seems to 
argue in favour of the use of the amount of N solubilized by autoclaving, rather 
than the loss of weight of the material, as a measure of collagen. 

The chromatographic evidence showed that the material estimated as 
collagen was this substance, at least for the most part. In order to estimate 
roughly the amount of contamination which could be detected, the collagen 


hydrolysate was run as a paper chromatogram with various amounts of 


similar hydrolysate of whole liver. ‘Collagen’ hydrolysate containing 25 pg 
of N gave no tyrosine spot on the paper, whereas hydrolysate containing 
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37-5 wg of N gave a just faintly visible spot. This amount of tyrosine is less 
than 5 yg, which gives a definite spot on the paper; that is, a quantity of the 
order one would expect from published analyses to find in the amount of 
collagen hydrolysate used. ‘Collagen’ hydrolysate containing 25 yg of N plus 


liver hydrolysate containing 5 ug of N gave, however, a clearly detectable © 


tyrosine spot. It would seem then that on a N basis 10% contamination 
with whole liver protein would be detectable by the chromatographic method. 
The slight changes which must have occurred in the relative proportions of 
other amino-acids after addition of hydrolysate were not detectable. 
Distribution of collagen in the liver. The above experiments seemed to show 
that the method of Lowry ef al. was reliable and really did estimate collagen; 
nevertheless, duplicates were never good. For example, in a set of twenty 
_ pairs of estimations on normal livers the mean coefficient of variation was 


11-3 %. This was put down to the difficulties of sampling, it being presumed — 


that the collagen content varied in different parts of the liver, being greater 
at the base of the liver lobes than at the periphery. This appears to be so 
macroscopically, and in sections stained by Mallory’s or Pasini’s method. It 
was found difficult to mix the liver for sampling even after it had been minced, 
and it was thought that the bad duplicates were due to inadequate mixing. 
In order to confirm that this explanation was the most likely, an experiment 
was done to determine chemically the distribution of collagen in the liver. 
A lobule was taken and the collagen in samples from the base, middle and 
edge were estimated separately. The results were: base, 56 mg collagen 
N/100 g wet weight; middle, 28 mg collagen ~ 100 g wet — edge, 25 mg 
collagen N/100 g wet weight. 


Collagen in regenerating liver 

The concentration of collagen N in the regenerating liver at different times 
after operation is given in Table 1 and Fig. 3. It fell'to a minimum at 48 hr 
post-operatively and then rose, but was still below normal at 21 days. 

The total quantity of collagen N in the regenerating liver is given as 
a percentage of the total present preoperatively in Table 1, and Fig. 4, 
together with the fresh weight of the liver. The total weight of the liver pre- 
operatively was estimated from the weight of the liver lobes removed, and 
the ratio between the weight of these lobes and the total liver in the control 
animals. The total collagen N in the liver preoperatively was calculated from 
the estimated liver weight, and average concentration of collagen N in the 
livers of control animals. It is clear that collagen is formed in regenerating 
liver very much more slowly than parenchymal tissue; the whole course of 


the collagen curve falls below the curve of liver weight. It appears that new 
collagen begins to be formed between the 2nd and 3rd day after operation. 


The total on the first and second day is not significantly different from the 
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Fotal no. of rats 
Males 


Females 
Body wt. (g) 


Liver weight : 


time of — 


Hegnerating lobes (mg/100 g 


Lobes at operation 


(mg/100 g fresh wt.) 
total at time of operation 


Loss or gain of wt. after operation (g) 


7 | 
15613 
Estimated total at time of operation 6-16+0-24 


removed at 0 

4 Liver weight at death ae % total at 


4-05+0-16 
2-1140-09 
34-4405 
24-441-4 
26-941-7 


Total liver collagen at death as %of 32:310-8 
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TABLE 1 
Experimental rats. 
Time after operation (days) 
2 3 1 
8 9 8 9 6 
3 3 3 2 0 
5 5 ice 6 
166-415 1504 11 147414 157413 140413 
—1241 —443 —2+2 +2144 
6504049 6064033 5824022 6164033  5-7840-42 
4274032  3-:984022 3834014 4044016  3-7940-13 
2-9640-22 3-5440-17 4554017 5-7140-27 
455413 587420 666419 1731431 100-2448 
209413 148410 156411 162410 173410 
36-6426 322420 405433 458438 66-4455 


‘\ The estimate of variation is in each case the standard error of the mean. Body weight is weight of normal rats at death, 
partially hepatectomized rats immediately before operation. The description of parts of liver under ‘Liver weight’ and 
Collagen N’ refers to experimental animals; the data on normal rats refer to the corresponding lobes. 
Note. Data on four other rats were obtained, one at 2 days, two at 3 days and one at 21 days. The collagen estimations 
ve abnormally high results and were rejected. The general conclusions are not affected if they are retained. In the case 
the 21-day rat there was almost certainly a technical error which was suspected also in the other three rats, which formed 
b consecutive group together in the first experimental series. 


Time after partial hepatectomy (days) 


Fig. 3. Collagen N (mg/100 g fresh liver) in the liver at different times 
after partial hepatectomy. 
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total initially. The total on the 3rd day is significantly above that of the 
normal (0-02 > P > 0-01) or the normal and the first 2 days combined (P = 0-02), 
by ‘Student’s’ ¢test. It is doubtful, however, whether the information available 
is sufficient to determine when new collagen starts to be formed with certainty. 


120 


an 


7 14 21 
Time after partial hepatectomy (days) 


Fig. 4. Total fresh weight, and total collagen, in the liver as a percentage of the total 
preoperatively, at different times after partial hepatectomy. 


DISCUSSION 


The results of this investigation show that growth of collagen in regenerating — 


liver lags considerably behind growth of the whole liver in weight. However, 
_ this latter is the sum of a complex series of changes in its various specific 
constituents and it is of more interest to compare the growth of these 
individually with that of collagen. The bulk of the liver is made up of the 
parenchymal cells. Under the experimental conditions used for the present 
investigation, these increase in size for about 24 hr after operation (Brues, 
Drury & Brues, 1936) and then begin to divide rapidly (Brues & Marble, 
1937). The maximum rate of division appears to occur at about this time, and 
to diminish thereafter, while the parenchymal cells return to their normal size. 
However, growth of cells other than parenchymal appears to lag initially 
behind that of parenchymal cells. Thus it has been reported (Abercrombie & 
Harkness, 1951) that there is negligible cell division among any cells other 
than parenchymal at 24 hr but a considerable outburst at 48 hr. At this time 
active mitosis was found in the littoral cells of the hepatic sinusoids (Kupffer 
and so-called undifferentiated lining cells), in bile duct epithelium, in blood 
vessels, and in mesenchymal cells both in and under the peritoneal coat of the 
liver. However, it would appear that the growth of these other cells also 
precedes that of collagen since the latter did not appear in the present experi- 
ments to have increased at all in total at 48 hr. Abercrombie & Harkness 
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(1951) found that the number of littoral cells had reached normal by the 
7th day after operation. Regeneration of these cells therefore precedes that 
of collagen along its whole time course. Though these workers were unable 
to follow the whole time course of regeneration of bile ducts and blood vessels 
quantitatively, it appeared that at 21 days their regeneration fell below 
normal in a manner comparable to that of collagen. Apart from this slender 
link there is no evidence at the moment to connect the growth of collagen 
with that of any particular group of cells in the liver. Nothing is known about 
the growth of fibroblasts in regenerating liver. However, it is perhaps relevant 
to note here that these cells have been found to show a greatly increased 
tendency to migrate in tissue culture of explants of 2-day regenerating 
liver though explants from 1-day liver did not show any such tendency 
(Abercrombie & Harkness, 1951). This change in the properties of liver fibro- 
blasts in tissue culture therefore appears also to precede the deposition of 
collagen in regenerating liver. 

Though growth of collagen cannot be connected yet with growth of any 
particular cellular type in the liver, some of the chemical constituents of this 
organ show a similar initial lag. Harkness (1949) found the volume of blood 
in the small vessels to do this, and Hawkins & Walker (1951) found the same 
for DOPA decarboxylase. Unfortunately, the location of this enzyme in the 
liver does not appear to be known for certain yet. 

Thus for the moment the data given here on growth of collagen in regener- 
ating liver must remain as isolated facts. As a first step towards their inter- 
pretation it would be of great interest to find out how the different fractions 
of liver collagen, in blood vessels, capsule, etc. regenerate. The investigation 
is being continued along these lines. 


SUMMARY 


1. The method of Lowry et al. (1941) for estimation of collagen has been 
investigated, and a modification has been used for estimation of collagen in 
the regenerating liver of the rat. 

2. The results show that formation of new collagen i in regenerating liver 
lags considerably behind formation of new parenchymal tissue. Even 21 days 
after partial hepatectomy the total amount in the liver was still below the 
total preoperatively. 


Tam very grateful to Professor G. L. Brown for criticizing the manuscript, to Miss P. Gitsham 
and Miss Ingrid Arhne for technical help, and to the Royal Society for a grant. 
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CHANGES IN THE LIVER OF THE RAT AFTER 
PARTIAL HEPATECTOMY | 


By R. D. HARKNESS 
From the Department of Physiology, University College, London 
(Received 13 June 1951) 


y 


It is well known that after partial hepatectomy i in rats the residual part of the 
liver grows rapidly and reaches the size of a normal liver in 2-3 weeks (Higgins 
_& Anderson, 1931). In the 24 hr or so after operation the hepatic cells increase 
only in size, not in number. After this latent period they begin to divide 
rapidly (Brues, Drury & Brues, 1936). Many of the chemical changes which 
accompany this growth have been investigated. The object of the present 
investigation was to confirm some previous observations, and to make addi- 
tional observations, particularly in the latent period before the commence- — 
ment of cell division. A preliminary account of this work has peers: been 
published (Harkness, 1949). 

METHODS 
white hooded rats of both sexes. The median and left lateral lobes of the liver were removed 
aseptically under ether anaesthesia (Higgins & Anderson, 1931). The animals were taken in groups 
of the same sex and colour, from which individuals were chosen by reference to a table of random 
numbers, to serve as normals or to be killed 10, 24, 48 or 72 hr after operation. They were kept 
in individual cages in a thermostatically controlled enclosure at 26-27° C from a week before the 
operation until death. They received food and water ad lib. all the time. The earlier groups had 
the Rowett Institute diet, the later ones the M.R.C. diet No. 41 (Parkes, 1946). 

When an animal was to be killed it was given sodium pentobarbital, about 5 mg/100 g body 
weight in about } ml. of distilled water, intraperitoneally. When it was anaesthetized the abdomen 
was opened rapidly, and a small sample of liver for glycogen estimation was taken, and placed at 
once in 30% KOH in a weighed tube. A sample of liver for estimation of blood was taken next. 
After this a sample of blood was taken, usually from the aorta, but on occasion from the carotid. 
The liver was then removed, and cut up into pieces which were rapidly blotted, weighed and used 
for the other estimations. 

Changes in the composition of the liver 

Water. By drying to constant weight in an oven at 100° C. 

Total lipid. By the saponification procedure of Leathes & Raper (1925) adapted for use on 
& small scale. 

Glycogen. By the method of Good, Kramer & Somogyi (1989). 

Total nitrogen, By the micro-Kjeldahl procedure on po ver. 

Blood. By the method of Klein (1945). This method was found to give practically nothing which 
estimated as blood when done on normal liver which had been perfused with isotonic saline to 
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remove blood. The samples of liver used for estimation of blood were blotted quickly on filter- 
paper before being weighed. The blood which is left is mainly that in the smaller vessels. 

Chloride, The Carius-Van Slyke method (Van Slyke & Sendroy, 1923), with the addition of 
removal of the precipitated silver chloride before sodium thiocyanate titration, was used at first 
on powdered dried liver. Later the same method was used on wet liver broken up in KOH 
(Sunderman & Williams, 1933). The first procedure gave lower results than the second. However, 
a direct comparison of the two showed that the ratio was consistent. In twelve comparisons the 
first gave a mean figure 82-3 % (standard error 1-2%) of the second. Figures obtained by the first 
procedure were multiplied by 100/82-3 to bring them into line with figures obtained by the second. 
“Though this may introduce a slight absolute error, it does not affect comparison between rats 
killed at different times. 

Extravascular space was calculated from data on chloride and blood in liver, and chloride in 
blood plasma. Total blood chloride was estimated by the same method as total chloride, plasma 
chloride by the method of Sendroy (1937). Data on blood and plasma chloride were obtained 
from three normal animals, and from three animals at each of the times at which animals were 
killed after operation. The mean values in normals, and at the different times after operation, did 
not show significant variation judged by Snedecor’s F test (variance ratio). The mean value for all 
the animals was therefore used for calculating extravascular space for animals on which data on 
blood and plasma chloride were not obtained. 

Extravascular space was calculated from the following formula, which is based on the assump- 
tion that protein concentration is the same in plasma as extravascular fluid, and that there is no 
need therefore to make allowance for a Donnan membrane equilibrium effect; the known high 
concentration of protein in liver lymph makes it clear that such an effect will be very small or 
absent in liver. 
of liver — Cl in blood in 1 g liver 


Extravascular space (ml./g liver) = Ci/ml. of pl 


Changes in the total quantity of these various constituents of the liver were also followed. For. 


this purpose the weight of the whole liver preoperatively, and of the remnant left at operation 
were estimated from the weight of the liver removed at operation (Brues e¢ al. 1936). This latter 
is a relatively constant proportion of the whole for a given strain of rate. Unfortunately, however, 
it was found to differ significantly in the two types of rat used in these experiments, viz. albino, 
and black and white hooded rats, both from the local stock. Among the albinos the removed 
portion of the liver averaged 67-0+ 1-0% of the whole, among the black and white rats 60-3 + 1-9%. 
The figure for black and whites on a larger sample, including six more not used in these experi- 


ments, was 62:4+0-9%. 
Histological changes 

Counts and measurements of diameter of hepatic parenchymal cell nuclei were made on sections 
cut at 6» setting of the microtome. The samples of liver used for this purpose were obtained both 
from regenerating liver and, for comparison, from the liver removed at operation. They were 
fixed in Zenker-acetic fluid, embedded in paraffin, and cut in the usual way. Sections were stained 
with Ehrlich’s haematoxylin after incubation for 15 min in 0-8N-HCl at 56°C, as is done in the 
Feulgen method for staining. This method gives very clear nuclear staining with little background 
in the cytoplasm. It facilitates nuclear counts and measurements on parenchymal cells, which are 
easily distinguishable from others. In the comparison of the counts in removed and regenerating 
liver no allowance was made for differences in contraction in size of the sample during fixation and 
embedding. It was found that there was no significant systematic difference in the contraction of 
normal and regenerating liver. In twenty-four comparisons of removed liver and regenerating 
liver taken 10-72 hr after operation, the correction for this contraction was on average 2-5+1-5% 
greater for regenerating than removed liver. 

The counts were made on twenty randomly chosen areas of 192 1 square under +g in. objective. 
The original counts were corrected for the error introduced by the fact that all nuclei visible do 
not have their centres within the section, by multiplying by section thickness/section thickness 
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plus mean nuclear diameter (Brues ef al. 1936; Abercrombie, 1946). The nuclear diameter was 
obtained by measuring 30-50 nuclei per rat in five randomly chosen fields of section. The diameter 
of each nucleus was measured under ;’ in. objective, once only, in whatever axis happened to run 
along the scale of a graticule in the eyepiece of the microscope. The mean nuclear diameter 
obtained in this way is somewhat less than the true mean because measurements on fragments of 
nuclei, whose centres are outside the section, are included. A correction was made for this effect — 
to obtain the true diameter (Abercrombie, 1946). This amounts on average to about 1». Mean 
nuclear volume was calculated from the corrected diameter on the assumption that the nuclei 
were spherical, as they seem to be. Morgulis (1911) gives a figure of 0-92 as the ratio between the 
mean of a number of measurements of shortest and of longest diameter of nuclei in the liver of 
a rat. The error from the assumption of spherical shape must be small. 

Counts of numbers of cells in meta-, ana- and telophase of mitosis were also made. No dis- 
tinction was made between mitoses in hepatic parenchymal cells, and cells lining sinusoids 
(Abercrombie & Harkness, 1951). The majority were in parenchymal cells. 


RESULTS | 
Changes in composition of liver 
General information is given in Tables 1 and 2, and the combined results for 
all animals are given in Table 3. To check the methods and the assumption 
often made that the lobes removed at operation and those left behind have 
the same composition, the composition of these two parts of the liver was 
compared in a number of normal rats. No significant differences were found 


Taste 1. Numbers of rats, their body weights at the time of operation and the change 
in body weight post-operatively till death 


Experimental rats | 
Time after operation (hr) 
Normal rats 10 24 48 70 
Number of rats: 
bino 6 4d 5 3 4 
Black and white ¢ 2 2 1 1 1 
| 9 1 1 1 0 0 
Total 9 7 7 4 5 
Body weight (g): pbs. 
258114 255420 236424 218425 
Post-operative loss 10+3 10+6 7+4 242 


The estimates of variation are in all cases the standard errors of the means. 


(Table 4), except perhaps with glycogen, which is on the borderline at the 
5 % level of probability. Differences in glycogen concentration in different 
parts of the liver have been described before (e.g. Gomori & Goldner, 1947). 
The difference is small enough to be immaterial to the present investigation 
and has been ignored, The main findings in regenerating liver are summarized 
below, 

Blood and extravascular space. The extravascular space showed a small fall 
from 21-2 ml./100 g liver to a minimum of 16-8 ml./100 g at 24 hr and rose 
thereafter to nearly normal at 48 hr, slightly above at 72 hr. Blood space fell 
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TaBLe 2, Weight of liver lobes removed at operation, estimated total at time of operation, and 

the liver weight at death. All weights are in g. The estimates of variation are in all cases the 
standard errors of the means. The figure for total liver weight in operated animals was 
calculated from the weight of removed liver. The exact times of death were 10-0+0-2, 
23-74-0-5, 48-0+0-7 and 70-44.0-2 hr. The description of parte of liver refers to the experi- 
mental animals, while the data on normal animals refer to the corresponding lobes 


Experimental rats 
Time after operation (hr) 
Normal rats 10 24 48 70 

Albino rates: 

Lobes removed at operation 63640-4383 5-78+0-34 64814049 5814037 5-2140-60 

Estimated total at time of 9-51+40-64 8654050 9-6540-69 8721057 7-82+0-90 

operation 

Liver weight at death 3-1540-24 3:1940-25 4644038 5-2340-54 5-63+0-34 
Black and white rats: 

Lobes removed at operation 4-80+0-47 59040-72 4-7940-18 4-76 4-20 

Estimated total at time of 7984+0-75 94441-:16 7-6740-30 7-62 6-72 

ration 
weight at death 3184031 3-3340-49 3-95+0-30 4-38 5-89 
TaBix 3, Changes in composition of the liver 
Experimental rate 
Time after operation (hr) 
Normal rats 10 4 48 70 

Blood (ml./100 g) 67403 63406 64404 38402 4240-2 
Extravascular space (ml./100g) 21:2+1-1 193419 168416 19-8414 
Extracellular space (ml./100 g) 27-9 25-6 22-2 24:6 26-9 
Water (g/100 g) 7104038 708407 724407 73-2403 73-9403 
Lipid (g/100 g) 33401 76408 7440-7 5-8+0-7 
Glycogen (g/100 g) 38405 0440-1 1-7+0-4 1-340-4 
Residual solid (g/100 21-2405 186405 1994103 20-440°5 
Nitrogen (g/100 g) 33401 20401 27401 290401 31401 


The estimate of variation is in each case the standard error of the mean. The units are g or 


ml./100 g fresh liver. 


TaBLE 4. Comparison between lobes normally removed at operation (median and left) 
and residual lobes (right and caudate) in normal rats 


Water (g/100 g) 

Lipid (g/100 g) 
Glycogen (g/100 g) 
Nitrogen (g/100 g) 
Residual solid (g/100 g) 
Blood space (ml./100 g) 


Extravascular space (ml./100 g) 
Nuclear count per field (92 x 92 ») 
Parenchymal cell nuclear diameter (,) 


Residual Difference 


8-7 
7. 


0-2+0-2 708 7 
0-0+0-2 3°3 5 
0-4+0-2 3-8 7 
0-0+0-2 3-4 7 
0-2+0-3 22-4 7 
0-140-4 6-7. 6 
O-141-1 21-1 5 
0-14.03 8-8 6 
0-140-2 79 6 


The estimate of variation is the standard error of the mean. 


Removed No. of rats 
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from 6-7 ml./100 g to a minimum of 3-8 ml./100 g later, at 48 hr, and was still 
well below normal at 72 hr. : 

It is to be noted that the interpretation of these changes is dependent on 
certain assumptions. In the case of extravascular space it is assumed that the 
distribution of chloride between cells and extravascular fluid is the same in | 
normal and regenerating liver. There is no evidence whether this is so or not. 
It is unlikely, however, that the distribution is grossly abnormal, since there 
is no necrosis in the liver which is also functioning well enough to keep the 
animal in a reasonably normal condition. In the case of blood space it is 
assumed that the blood in the liver has the same haemoglobin content as in 
the aorta. The extent of the error will depend on the relation between blood flow 
and lymph formation. The changes in blood space agree with expectation 
from the naked eye appearance of the liver. Up to 48 hr it is usually much 
paler than normal but to a less extent at 72 hr. Infiltration with fat, however, 
undoubtedly contributes greatly to this pallor. A decrease in ‘vascular 
tissues’ in regenerating rat liver has been reported by Stowell (1948), who made 
measurements on sections of liver by Chalkley’s method (1943). He found that 
‘vascular tissues’ normally occupy 28 % of liver substance, a figure which 
agrees well with the present one for blood+extravascular space in normal 
rats (27-9 ml./100 g). In regenerating liver 6-48 hr post-operatively the per- 
centages of ‘vascular tissues’ were 31-47% of the normal, a greater drop than 
was found for extravascular and blood space in the present experiments. 

One further point of interest arose out of the determinations of chloride in 
liver. In earlier experiments analyses were made of portions of the liver 
removed at operation. These turned out, in a comparison of thirteen against 
five normals, to have an average chloride content 17% above normal. This 
difference was just significant (P =0-05 by ‘Student’s’ ¢ test). It was attributed 
to oedema arising during the handling involved in removal. This might be 
expected to upset the calculation of original weight of liver from the weight of 
removed lobes, but apparently the effect is small, since calculation from the 
weights of animals and relation of this to liver weight gave an almost identical 
average result for the original weight of liver. Possibly a slight error introduced 
by oedema is compensated by the slight error in opposite sense produced by 
the small fragment, 100 mg or so of liver, left in the animal from the removed 
lobes, 

Water. There was a rise from 71-0 g/100 g of liver to 73-9/100 g at 70 hr. 
Calculation from the data on extracellular space shows a rise in the ratio of 
water to solid in the cells. The results of other workers on the water content 
of regenerating liver are conflicting. In the first 24 hr Higgins & Anderson 
(1931) and Szego & Roberts (1949) found a considerable drop. Gurd, Vars & 
Ravdin (1948), on the other hand, obtained results very much like those 
reported here. It may be significant that only the latter workers appear to 
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have kept their animals at a temperature near to that used in the present 
experiments (26-27° C). The present experiments showed a significant rise in 
water content of the liver at 72 hr, though Drabkin (1947) and Davidson & 
Waymouth (1944) found no such rise about this time. The discrepancy may 
again be explained by difference in experimental technique, since these 
workers starved their animals for 24 hr before death. 

_ Lipid. The main point of interest is that the concentration of lipid was 
already maximal at 10 hr after operation. Other figures for times earlier than 
24 br are those of Bogetti & Mazzocco (1939), and Szego & Roberts (1949), 
who found a significant rise at 10 hr and even earlier, but not yet to maximum. 
The figures for later times agree with those of Ludewig, Minor & Hortenstine 
(1939), and of Gurd e¢ al. (1948). 

Glycogen. There was a drop to almost zero at 10 hr with an irregular rise 
subsequently. The 72 hr value was still only about one-third of normal, but is 
a little higher than that found by Stone (1935) in an investigation which did 
not include earlier times. The results are in agreement with those of Bogetti & 
Mazzocco (1941), Novikoff & Potter (1948) and Gurd e¢ al. (1948), who found 
low values over the same range of time after operation. 

Residual solid and nitrogen. The term residual solid is used for the solid left 
after subtracting the weight of glycogen and lipid from the total solid. The 
greater part of it is protein. Residual solid fell progressively from 22-0 g/100 g 
wet liver to a minimum of 18-6 g/100 g at 24 hr. Nitrogen followed a very 
similar course, These results are in agreement with those of Brues et al. (1936), 
Gurd et al. (1948), and Szego & Roberts (1949). | 


Nuclear and cell volume 


As the necessary figures were available, it seemed worth while to attempt 
for comparison to compute the volume of the parenchymal cell as a whole; 
or more strictly the volume of the intracellular material associated with one 
nucleus, the presence of binucleate cells being ignored. In order to obtain 
this, it was necessary to know the volume of the part of the section on which 
the nuclear count was made. Information on the actual thickness of the 
section as it lay on the slide was obtained as follows. 


Serial sections were cut through five embedded blocks of liver, the volumes of which had been 
measured previously by weighing in air and water, the method used by Brues et al. (1936). Every 
tenth section was mounted on a slide and its area measured with a planimeter by tracing its 
image, projected at known magnification on to paper. Area of section was plotted against 
distance through the block, the latter measured by number of sections cut. The area under this 
curve is equal to the volume of the block. Since this was already known, the correct scale for the 
axis representing distance through the block could be determined and hence the section thickness. 
This averaged 7-3 + 0-2» for sections cut at 6. It is to be noted that this method is based on the 
assumption that there is no change in the volume of the section during cutting, but only a dis- 
tortion, lateral compression being associated with a corresponding increase in the thickness of the 
section. That this is so is borne out by measurements of thickness of sections immediately after 
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cutting, before they have been floated out on water, which gave a still greater value, 8-4+40-2 pu, 
for five sections cut at 64. These measurements were made by melting sections on to the top of 
a block of wax by radiant heat and then cutting them again at right angles to the original direction, 
so that their thickness could be measured directly when they had been mounted on a slide 
(Marengo, 1944). 

The average cell volume was computed by dividing the total cell volume by the corrected count 
of number of hepatic cell nuclei. The total hepatic cell volume was computed from the total 
volume in the area of measurement on the assumption that extracellular space was proportionately 
the same as that obtained by chloride and blood measurements. That this assumption is valid is 
indicated by the fact that Truax (1939) found agreement between extracellular space measured 
from chloride estimations and visually on sections. It was also assumed that 5% of the total 
volume was occupied by the cells other than parenchymal cells. This is a rough figure, obtained 
by measurements on sections from a small number of animals by Chalkley’s method (1943). 


It will be seen from Table 5 that both nuclear and cell volume rose in 
regenerating liver, the latter lagging behind the nuclear volume and falling 
earlier. That both volumes rise agrees with the results of Stowell (1948). He, 
however, found that cytoplasmic volume rose earlier than nuclear volume and 
fell earlier too, the opposite of the present findings. He also reported a rapid 
fall in nuclear volume after 24 hr. The present results for nuclear volume agree 
excellently with those of Bucher & Glinos (1950). 


Tasxx 5. Parenchymal cell and nuclear volume in fixed material 
Time after operation (hr) | 
: 10 3 24 48 70 
Cell volume 98+6 16347 14547 140415 
Nuclear volume 117+10 179+11 203 + 22 202 + 29 


Cell and nuclear volume are expressed as a percentage of the value found in the liver removed 
at operation. The mean cell volume for all removed livers was 6190+ 240 u* and the mean nuclear 
volume was 330+ 14 .*. No correction has been made for shrinkage during fixation and embedding. 
The estimate of variation is in each case the standard error of the mean. 


Mitotic activity was negligible in normal and 10 hr rats, and very low in the 
24 hr rats (mean number of meta-, ana- and telophase mitoses 0-2+0:1 


per 1000 parenchymal nuclei). It was evident at 48 and 70 hr (7-8+ 2-4 and 
1-2 + 2-1 per 1000 parenchymal nuclei). 


: Increase in total quantity of different constituents of liver 
It has already been mentioned that the quantity of liver left initially in the 
black and white rats was significantly greater than in the albinos. This fact 


_ makes it difficult to combine the data of the two different types. As there 


were only a small number of black and white rats, and the changes in them 
were very little different in general trend from those found in the albino rats, 
except for a slight fall instead of a rise in liver weight at 10 hr, only the results 
for the albinos are actually given (Fig. 1). The total quantities of the different 
components of course change relatively to one another in accordance with the 
changes in concentration given in Table 2. The most rapid change is in the 
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lipid. It is interesting to find that this returned to a total very close to the 
amount present in the liver preoperatively. The figures given by Gurd et al. 
(1948) and Szego & Roberts (1949) show the same trend. This return to a total 
so close to normal seems to suggest a homeostatic mechanism controlling the 
total lipid in the liver, independently of the control of other components. This 
idea is complicated, however, by the findings of Ludewig et al. (1939), who 
have reported that the proportions of the different components of the total 


lipid change in regeneration. 


110 Total 
nuclear vol. 


Lipid 


Wet wt. 
Nitrogen 


No. of 
parenchymal 
cell nuclei 


Blood space 


Glycogen 


10 24 , 48 70 
Time after partial hepatectomy (hr) 
Fig. 1. Total quantities of different components of livey as a percentage of the total in the liver 
preoperatively. The vertical lines about the points go from + to — the standard error of the 
mean. 


The component which rose next most rapidly after lipid, among those 
studied, was parenchymal cell nuclear volume, that, is, the product of mean 
nuclear volume and total number of nuclei. This reached normal between 
2 and 3 days post-operatively, but appeared to be going on above it. 

Next in order of rapidity of rise came the wet weight and its major com- 
ponents, residual solid, and water. Lagging about 24 hr behind the increase 
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in weight came the increase in number of parenchymal cell nuclei, as found by 
Brues e¢ al. (1936). Blood volume lagged still further behind and had not 
increased significantly till 72 hr. Glycogen lagged most of all. 


DISCUSSION 


The present results on the whole confirm earlier comparable work. Neverthe- 
less, several discrepancies have been noted. These might of course be due to 
any of a number of possible causes, such as slight difference in the operative 
technique, and handling of the animals, or the strain of rat, etc. However, 
two of these causes, food intake and temperature at which the animals are 
housed, seem especially to merit some short discussion since they can be 
standardized relatively easily. The latter is particularly easy to control and 
it appears to the author important to do this. For one thing the animals eat 
little at first, and it is known that surrounding temperature has a considerable 
effect on changes in the liver of animals under these conditions (e.g. Chevillard, 
Hamon & Mayer, 1937). The temperature used in these experiments (26—27° C), 
and in those of Gurd et al. (1948) (28° C), is near the temperature of minimum 
heat production for the rat (Herrington, 1940), and the effects of small 
variations in temperature are minimized. It is high enough to be maintained 
easily at all times of the year, at any rate in England. 

Another possible cause of discrepancy lies in variations in the food intake 
of the animals. Some workers have starved their animals in an attempt to 
overcome this. This procedure seems undesirable, particularly in the first few 
days after partial hepatectomy. The food intake of the animals is normally 
small in the first 24 hr after operation; and if, for example, they are starved 
preoperatively and killed 48 hr post-operatively after a further 24 hr fast, they 
may, in effect, have been made to fast for nearly 3 days. It seems too that the 
interpolation of an arbitrary period of fasting is likely to make any theoretical 
treatment of the changes after partial hepatectomy more difficult, and on the 
balance that the disadvantage in not allowing the animals free access to food 
outweighs the advantage. However that may be, it is relevant to plead that 
this point deserves more consideration than it has had in the past. In view of 
increasing interest in regenerating liver it seems desirable that methods should 
be standardized as much as possible to facilitate comparison between the 
results of different workers. The gain from standardization is likely to out- 
weigh some loss of generality of conclusions associated with variability of 
method. 

It is clear from the investigations of many workers that the different — 
components of regenerating liver grow at different rates. The main interest in 
the chemical changes observed seems to be in their relation to the outburst of 
cell division which starts in the first day after operation. It appears that 
almost every chemical component of liver, except glycogen, increases more 
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rapidly than the number of parenchymal cell nuclei. The increase of protein 
in liver runs most nearly parallel to the number of parenchymal cell nuclei; 
there seems to be little doubt, however, that it precedes the latter. 

Though it appears that increase of protein as a whole precedes increase in 
nuclear population, it is possible that individual components of the protein 
may follow the latter more closely. The early rapid increase of phospholipid 
(Ludewig et al. 1939) and ribonucleic acid (Novikoff & Potter, 1948) suggests 
an early increase in the mitochondria and submicroscopic particles, which 
together account for a great part of these components of liver (see Claude, 
1946; Price, Miller & Miller, 1948). There is evidence, however, that the 
mitochondria do not increase early since succinoxidase activity (Novikoff & 
Potter, 1948), which is almost confined to mitochondria (Hogeboom, Schneider 
& Pallade, 1947), is less than normal per unit weight of tissue, though probably 
increased slightly in total at 24 hr after operation. It seems probable, there- 
fore, that the early increase in phospholipid and ribonucleic acid is an indica- 
tion of an early increase in the submicroscopic particles. If these increase 
more rapidly than the protein as a whole, then there must be other components 
of protein which increase less rapidly. Such rough calculations as can be made 
from published data indicate that the hypothesis that the increase of these 
other components runs closely parallel to the increase in number of paren- 
chymal cell nuclei, is not an unreasonable one. 

The last point for discussion is the change in extravascular and blood space. 
We know very little about how the volumes of these are controlled normally, 
but it seems that they must increase with the rest of the liver during regenera- 
tion, since the final regenerated liver is apparently very like the normal in 
structure and function. The curious divergence between the changes in 
extravascular and intravascular space, the latter expanding before the former, 
is difficult to understand. The delay in the increase of vascular space seems to 
indicate that the growth and division of hepatic cells is a separate process 
which precedes in time the reorganization of the vascular channel of the liver. 
This reorganization is likely to involve movement rather than division of the 
cells concerned. Investigation of the outwandering activity of cells of re- 
generating liver in tissue culture (Abercrombie & Harkness, 1951) has shown 
very little change from normal 1 day after operation, but a clear change at 
2 days. Unfortunately, parenchymal cells did not give sufficient growth, with 
the technique used, for quantitative data to be obtained. For this and other 
reasons the results only showed that considerable change in migratory activity 
did occur without giving sufficient information for correlation with the present 
results. The problem of the organization of the new tissue and of the growth 
and organization of supporting tissue in regenerating liver is clearly one of 
great interest, and has received very little attention in the past. 
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SUMMARY | 

1, Changes in extravascular and blood space (chloride and haemoglobin 
estimations) in water, lipid, glycogen, nitrogen, and number and nuclear 
volume of parenchymal cells have been investigated concurrently in adult rats 
10, 24, 48 and 70 hr after removal of two-thirds of the liver. 

2. Extravascular space per unit weight of liver fell to a minimum about 
20 % below norma! at 24 hr but was nearly normal by 48 hr and slightly above 
by 70 hr. 

3. Blood space per unit weight of liver fell to a minimum about half normal 


at 48 hr and had risen only slightly above that towards normal by 70 hr. 


4. Changes in other constituents of liver were on the whole similar to those 
found by other workers. 


I am very grateful to Prof. G. L. Brown for criticizing the manuscript, to Miss L. M. Smith and 
Miss P. Gitsham for technical assistance, and to the Royal Society for a grant. 
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THE EXCHANGEABILITY OF THE POTASSIUM OF FROG 
MUSCLE, STUDIED IN PHOSPHATE MEDIA 


By E. J. HARRIS 
From the Department of Biophysics, University College, London 
| (Received 29 October 1951) 


~The accumulation of potassium in muscle cells may either be the result of 
physical forces derived from the existence of the membrane potential (the 
Gibbs-Donnan effect) or it may be brought about by the intervention of 
chemical combination. The latter might conceivably be a process involving 
groups in the membrane itself, as suggested by Lundegardh to account for 
the uptake of ions by plant roots. 

Preliminary results of the rate of potassium turnover in frog muscle were 
obtained by Harris & Burn (1949) by using the radioactive isotope “K. It 
has since proved difficult to extend the results in a satisfactory way because, 
in saline media, a net loss of potassium so often takes place (Fenn & Cobb, 
1933; Horton, 1930). In the experiments reported here the turnover has 
been followed in high concentrations of potassium, and potassium is gained 
rather than lost. These appear to furnish an unexpected result. At 18° C the 
intracellular K is all equally free to exchange with the external K, while at 
0° C some part of the internal K exchanges much more slowly than the 
remainder. This observation is discussed in relation to the membrane potential 
measurements of other authors. 

It is well known that muscles placed in high potassium media swell if an 
anion such as chloride, which can also enter the cells, is simultaneously 
present. To avoid swelling, phosphate solutions were employed. 


EXPERIMENTAL 
Materials 
The sartorii of Rana temporaria were used. Where stated, the‘ muscles were employed with 


a portion of the pelvic bone still attached in order to minimize damage. The radioactive potassium 
was obtained in the form of carbonate from A.E.R.E., Harwell. 


Methods 
In order to follow the uptake of potassium, a solution containing a proportion of ““K was 
prepared. The solution was 0-1m with respect to phosphate, and contained 140-150 m.equiv 
potassium per litre, with a resulting pH of 6-8-6-9. This preparation was used as the standard of 
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radioactivity in order to relate a certain number of counts/min with a known amount of 
potassium ; it was thus possible to convert counts/min to wequiv of potassium derived from the 
solution. Potassium of standard radioactivity will be distinguished by the symbol °K. 

The muscle or muscles were either (a) tied to a frame in order to maintain a constant geometry 
throughout the experiment, or (b) furnished with cotton loops which could be fitted when desired 
between two pegs in a plastic base, so that the specimens could be slid beneath a Geiger counter 
in a fairly reproducible position. Method (a) better maintains geometry, but has the disadvantage 
that the frame, being exposed to the solution during the experiment, takes up a certain amount 
of *K. The muscle, with its frame or loops, was exposed for measured time intervals to the test 
solution, and the radioactivity d after each period. In order to remove adhering and some 
extracellular fluid a timed wash was given before each assay. The wash solution employed was either 
saline (0-65% NaCl, 0-02% each KCl and CaCl,) or 0-1 m-sodium phosphate, pH 6-9. There was 
no obvious difference in result between the two solutions. The duration of the wash was generally 
3 min. At the end of the experiment the muscle was dissolved in a few drops of nitric acid and an 
aliquot of the diluted muscle solution was counted. The same counter was used for assay of 
a dilution of the *K solution. This provided the relation between quantity of °K and radioactivity. 

In order to determine the rate of *K loss from a muscle, muscles were prepared in one of two 
ways: either (a) an injection of 0-5 ml. 0-1 m-*K phosphate was administered to a frog on the 
day before the experiment, or (5) the muscles were soaked in a solution of *K phosphate. 

During measurement of “K loss (which may either be a net loss or an exchange of *K for 
ordinary potassium derived from the external solution) the adhering solution, once the run was 
started, was not appreciably radioactive, so no washing was given. 

The *K used for injection had an activity of 2-8 me/g. That used for phosphate solutions was 
diluted 50-fold when used on the day of receipt, and correspondingly less as decay reduced the 
activity. 

The radioactivity readings were corrected for decay, background, and resolution time of the 
scaler-Geiger counter combination. 

The volume of liquid used in the runs was about 50 ml. Even with the lowest potassium con- 
centrations employed this contains at least 50 times as much potassium as the muscle, and the 
stronger media had some 500 times as much. No great error is therefore introduced if the external 
phase is regarded as of constant composition. .In some experiments the liquid was kept agitated 
by introduction of oxygen through a sintered glass disk; this had no obvious effect on the results. 


RESULTS 

_ Extracellular potassium and its diffusibility 
An account of the complication introduced into the study of the permeability 
of those cells which are only available as a compact bundle has been given by 
Harris & Burn (1949). The fact that the ions in the medium have to diffuse 
through more or less extracellular fluid before they reach the cells introduces 
a delay, and indeed the rate of diffusion may set the limit to the rate of uptake. 
This is particularly the case when the specimen is thick, and when the cells 
have a high permeability. When thin specimens are employed a correction 
can be applied for the diffusion delay. In order to see whether diffusion was 
likely to introduce a serious delay into the K turnover between cells and 
medium in this particular case, it was necessary to be able to observe the two 
processes separately. This was not possible in the previous work in which 
saline media were used, but the application of potassium phosphate media 
has permitted the distinction to be made. 
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Muscles were soaked for a few hours in *K phosphate solution, then tied to 
a frame, assayed, and plunged into @ saline medium made up with *KC! 
(2-12 m.equiv/l.), NaCl 0-65%, CaCl, 0-02%. The result is an outrush of the 
extracellular *K phosphate, in exchange for the ions in the saline (Fig. 1). 
At the same time intracellular potassium may begin to increase or decrease its 
specific activity, depending on whether the value was lower or higher than that 
of the saline potassium. In addition, some net loss of potassium occurs, because 
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10 min 20min}  3hr 
Fig. 1. The time course of the *K content of muscles which were prepared by treatment with 
“K phosphate (specific activity (s.a.) 1 arbitrary unit) and were then put into saline solution 
containing “KCl (s.a. 1) at 18° C. The preliminary soaking had given the internal K of the 
muscles 8.4. 0-33 (A and B), 0-4 (C), and 0-5 (D). The initial rapid loss of *K, presumably 
from the extracellular spaces, is followed by a period of practically constant *“K content. 
This happens because the net loss of internal K having s.a. 0-33 to 0-5 tends to be balanced 
by a further exchange between internal and external potassium, and the latter has s.a. = 1. 


In the two higher concentrations of “KCl this additional exchange can be seen to be leading 


to a gradual increase in the “K in the muscle. The solutions used for the four runs were: 
A, 1-84 m.equiv K/l.; B, 3-68 m.equiv/l.; C, 7-36 m.equiv/l.; D, 11-04 m.equiv/1.; all with 
0-65 % NaCl and 0-02 % CaCl,. 


_ the cells do not maintain so high a concentration of internal potassium in the 
saline as in the phosphate. Accordingly, there is a slow change of cell radio- 


activity due to adjustments of quantity and specific activity of the cell © 


potassium. In the runs illustrated the effects nearly cancel out, making it 
easy to evaluate the rapidly lost *K and the time scale of its exit. 

The mean volume of the extracellular fluid relative to the muscle volume 
was deduced from the quantity of *K lost rapidly, and came to 0-19 + 0-04 
(S.E., six experiments); the time for loss of half the fast moving *K was 
1-2-1-5 min at 18° C from muscles about 0-8 mm thick exposed to the solution 
on both sides. From these figures it appears justified to neglect the effect of 
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diffusion upon the observed rate of turnover of potassium between cells and 
solution, for which the half-time at 18° C is over an hour. 


The efflux of *K at 18 and 0° C 

The efflux of *K in exchange for ordinary potassium derived from the 
medium was followed at 0 and 18° C. The solution contained 140 m.equiv K/I. 
After correction for decay, etc., the quantities of *K remaining in the muscles, 
relative to the initial quantity, were plotted as a function of time (Fig. 2). 

Both at 0 and 18° C there is first a rapid loss of *K, some of which is derived 
from the extracellular spaces. At 18° C, the loss then follows an exponential 
course certainly down to a *K content of 10% of the original. At 0° C, however, 
the behaviour is more complicated, for the loss did not become exponential, 
and when some specimens were left in the solution overnight a considerable 
(15-25 %) proportion of the *K was retained in them. Fig. 2a is a continuation 
of one of the curves of Fig. 2 and shows that between 21 and 25 hr the fraction 
*K (at time ¢)/*K (¢=0) only fell by a few per cent, an exact measure of the 
rate not being possible on account of the errors introduced by the statistical 
nature of the assay and the imperfect reproducibility of the muscle geometry 
with respect to the counter. Similar behaviour was found in runs made with, 
or without, stirring, and both when using muscles from frogs injected 16 hr 
before dissection (4 runs) and when using a muscle prepared by exposure to 
*K phosphate for 2-5 hr at 18°C. Cessation of movement of the *K cannot 
have been caused by the ratios *K/K becoming equal in cells and medium 
because there was some 500 times as much potassium in the solution as in the 
muscle; thus equilibration of internal and external specific activities would 
only be reached at *K/K=1/500. The decay period of the radio-potassium 
retained in the muscle was checked and it agreed with that of “K. Although 
this test is not sensitive to Na, which has a rather similar decay period, the 
sodium is known to be rapidly lost from muscles at 0°C to a potassium 
phosphate medium (Harris, 1950). When the operating temperature was 
changed, either after 5 hr (Fig. 2) or 22 hr (Fig. 2a) from 0 to 18° C, the rate 
constant of the process rose to about the same value as that found in experi- 
ments made entirely at 18° C. 

The results can be summarized by stating that, at 18° C, about 70-80% of 
the potassium exchanges with a rate constant of 0-45-0-48 hr-, the remainder 
exchanging more rapidly; whereas at 0° C there are three fractions, one which 
exchanges very slowly (15-25%), one exchanging with a rate constant of 
about 0-2 hr-! (60%) and the remainder being more rapidly exchanged. 


The influence of potassium concentration on the exchange 
Concentrations of potassium other than 140 m.equiv/l. were used in some 
runs at 18° C in which the efflux of *K was observed. Mixtures of mono- and 
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- Percentage original “K remaining 
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2 4 6 8 10 
Time (hr) 

Fig. 2. The time course of the loss of “K to 0-1m potassium phosphate at 0 and 18°C (note 
logarithmic scale). In one run the temperature was changed during the course of the 
experiment. @, points calculated from *K/*K (¢=0)=0-6 exp ( —0-2t) +0-2, to show that 
at 0° C, after 1 hr the loss of the “K can be fitted by such an equation, using suitable 


shown. The muscles are from frogs previously injected with “K phosphate. 
20 
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Fig. 2a. Continuation on the same scale of one of the 0° C runs of Fig. 2 on the following day. 
The slow rate of loss at 0° C, and the increase which takes place upon warming to 18° C can 
be seen. Towards the end of the experiment the error in estimation of *K. becomes serious, 
as shown by lines representing +8s.z. The earlier observations are limited in accuracy by 
pager ney of the muscle geometry with respect to the counter, which is estimated to be 
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di-basic potassium phosphate were used for 140-184 m.equiv/l. potassium con- 
centrations, and to obtain lower concentrations mixtures of di-basic phosphate 
with appropriate proportions of sodium phosphates were employed. The pH of 
the 184 m.equiv/l. solution was 8, whilst that of the other mixtures ranged 
from 6-8 to 7-4. The rate constant of the loss of “K was not appreciably 
altered when the external potassium concentration varied between 100 and 
184 m.equiv/l. It did, however, show a diminution when the concentration 
was reduced to 37-5 m.equiv/l. (0-21 hr-") and it was still lower in a solution 
containing’18 m.equiv/I. (0-12 hr-*). 


| *K entry from phosphate media at 0 and 18° C 
When muscles are exposed to a solution of *K phosphate there is a rapid 
uptake of *K. As the final potassium content after such treatment was 
generally in excess of the potassium content of freshly dissected muscles it is 
not always accurate to speak of an exchange (of *K for ordinary potassium); 
there can be a net gain of *K, perhaps in exchange for the intracellular sodium. 
As mentioned in the outline of methods used, a timed wash was given to 
the muscle before each assay of the content of “K. In this wash a considerable 
fraction, but not all, of the extracellular *K would be lost, according to the 
time scale of its removal found on p. 280. The uptake curves (Fig. 3) 
do not, for this reason, show so rapid an increase of *K in the first few 
minutes as would correspond to the loss curves of Fig. 2, but they do include 
0-3-0-6 pequiv *K (depending on muscle size) left in the extracellular space, 
and this is one factor to be allowed for in making the comparison. 
At 0°C the uptake of *K, although initially rapid, appears to approach 
a value less than the value approached by the respective pair muscles in the 
same solution at 18°C. An additional rapid uptake took place if the tem- 
perature was raised, as is shown by one of the curves. This is true for all the. 
runs made at 0° C, and holds even after 20 hr exposure to the *K solution. It 
is difficult to assess the accuracy of the procedure, because reproducibility of 
washing and muscle geometry beneath the counter sets the limitation, but 
readings of the *K content should be correct to about 5%, judged from the 
scatter when the content is changing but little. There can be no question 
that behaviour at 0° C differs from that at 18° C, just as was the case in the 
soaking-out experiments described on p. 281. It must be remarked that some 
warming up of the 0° C specimens took place during each assay, and this will 
tend to reduce the observed temperature effect. It is not suggested that at 
0° C uptake of *K ceases before complete exchange is reached, but results 
indicate that the amount entering per hour drops eventually to a value equal 
_ to about 2% of the total internal potassium. 
There are a number of reasons why quantitative agreement between the 
degree of equilibration of muscle potassium and external potassium found 
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by the two procedures (observation of “K entry, or exit, respectively) should \ 
not be exact. The more important are (a) presence of some *K in the extra- y 
cellular spaces after the short wash given in the *K entry method; (b) the | 

result of the succession of re- and de-polarizations of the phase boundary 


brought about by exposure to high-potassium solution and low-potassium 
wash fluid, which may well induce a more rapid turnover of the ions; and 
(c) the fact that entry of *K into fresh normal muscles was followed; whereas 


To 11:3 at 19.10 
1011-4 at 22.20 
5 6b 
5 To'F05 at 19.08 
B. To 756 at 21.00 
0 1 2 3 4 5 6 7 8 | 


Time (hr) | 


Fig. 3. The uptake of *K from “K phosphate at 0 or 18° C by sartorius muscles. The muscles have { 
connective tissue, and at the pelvic end, a fragment of bone, attached. These substances also | 
take up “K, but when being assayed they are so situated with respect to the counter that 
they do not contribute more than 10% to the total count rate as was found at the end of : 
the experiment by cutting out the intervening muscle. The *K contents of the muscles only | 
at the end of the run are given in Table 1. Runs A, A’; B, B’ are made on the individuals of 
pairs; run C was made on two muscles together for the first period (6 hr 20 min), one was [ 
removed for analysis and the run was continued at 18°C. In order to make the *K content | 
comparable during the first phase the amount plotted is (*K in two muscles + connective 
tissue)/2. 


to prepare muscles containing *K for efflux experiments a prior exposure to 
a high-potassium medium has been given, whether in the plasma of the 
injected frog (potassium as high as 8 m.equiv/].) or in *K phosphate. Thus the | | 
prepared muscles have gained potassium during pretreatment, and do not suffer 
so drastic a change of environment as do the fresh muscles, which can promptly 
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gain a proportion of *K without exchanging potassium for it; they may, for 
example, lose sodium instead. 

In view of consideration (c) it was thought useful to try some runs, using 
*K in the solution, but starting with muscles which had already been soaked 
in ordinary potassium phosphate first. Fig. 4 illustrates the results of these 
runs. In view of the variable behaviour of the untreated muscles (Fig. 3) 
the effect would have to be gross to be significant. The treated muscles 


T 


So 


prequiv K derived from external solution in muscle 
oa 
T T 


0 1 2 3 4 5 6 7 8 
7 Time (hr) 


‘Fig. 4. The uptake of *K from *K phosphate by muscles which had first been exposed to ordinary 


potassium phosphate solution (for details see the latter part of Table 1). The first phase of 
one run, marked (¥F + F’)/2, refers to uptake by two muscles plus connective tissue, divided 
by two to make results comparable with those for single muscles. The later phase of the 
same experiment, carried out at 18°C, refers to one only of the muscles plus connective 
tissue. 


approach equilibrium as, or more, slowly than the slower ones (B, B’) of 
Fig. 3, and at 18°C specimens fail to reach as high a ratio *K/K as the 
untreated ones in similar or shorter times, as will be seen in Table 1 (compare 
F’, G', H' with A'-E’). The reduced equilibration of C’ may also be due 
to its prior exposure at 0°. The table summarizes the end results of a 
number of experiments; it will be noticed that the K content of the muscles 
exceeds 100 wequiv/g. The mean content of fresh muscles is less than this; 
93:5 + 9-9 wequiv/g (s.z., thirty-nine analyses), so potassium has been gained 
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in the experiments. The mass of the specimens underwent erratic variations 
upon exposure to the phosphate solution, and it is for this reason that it is 
impracticable to compare uptakes per unit mass shel tissue. 


DISCUSSION 


The results show that at 18°C all, to within say, 5%, of the potassium of 
frog muscle will exchange with external potassium in a simple exponential 
manner. At 0° C, 20% of the potassium is less readily exchanged than is the 
rest. Accordingly the influence of temperature is twofold, it causes mobiliza- 
tion of internal potassium, and affects the rate of transfer across the cell 
boundary. 

The possibility of some muscle potassium being bound was indicated by 
Brues, Wesson & Cohn (1946), and both Mullins (1942) and Szent-Gyérgyi 
(1945) claim to have shown specific combination between potassium and the 


_ principal protein of muscle, myosin. If some potassium is bound in the cell 


there should be an indication of it in the ratio of the ionic activities according 


to the equation 
Al 


the f’s being activity factors. Recent measurements of the potential (Nastuk 
& Hodgkin, 1950; Ling & Gerard, 1949) agree in finding E about 100 mV at 
20° C and [K,]=2 m.equiv/l. With [K,]= 130-140 m.equiv/kg fibre water, and 
equal internal and extérnal activity factors, the calculated figure is only 5 to 
7 mV higher, which may be within experimental’ error, but which could 
equally indicate that the activity of the internal potassium is somewhat 
reduced, because the logarithm makes the value of E insensitive to the ratio 
once the latter is high. The effect of temperature on EZ, investigated by Ling & 
Woodbury (1949) is relevant. These authors found E =71 and 83 mV at 5° and 
23° C respectively in a solution with [K,]=5 m.equiv/l. The change of F is 
greater than would be caused by the change in 7 in the equation. An 
explanation for the increased effect of temperature is provided if f,; changes 
with temperature, as the exchangeability results suggest. If one takes 
f{K,]=140 m.equiv/kg fibre water at 23°, and only 110 m.equiv/kg at 5° the 
calculated H’s come to 74 and 85 mV respectively at 5° and 23° C. 

There are several possible explanations of failure to maintain a high rate 
of turnover between internal and external potassium at 0° C. (a) An essential 
metabolite may be present in limited amount, and not be re-formed at 0° C, 
so that once it is exhausted the rate of turnover diminishes; or (b) some of 
the potassium may be combined as a slightly ionized compound so that 
equilibration depends upon the rate of (ionized) —(un-ionized) transformation ; 
or (c) some potassium may be confined in a phase only accessible by mediation 
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of a process which is very slow at 0° C. The latter possibility includes that of 
there being a proportion of the cells making up the muscle differing in some 
way, at 0°C, from the rest. The experiments in which muscles were pre- 
treated at 0° C do not support suggestion (a); indeed it seems possible that it 
is pre-treatment at 18° C which leads to exhaustion. 

It does not, therefore, seem possible to draw any final conclusion about the 
reason for the low turnover rate of some of the muscle potassium at 0° C. 


SUMMARY 

1. The exchange of the potassium of frog muscle has been investigated in 
potassium phosphate media using radio-potassium preparations. 

2. To saline solution, a rapid exit of the quantity of labelled potassium 
expected in 0-19 of the muscle volume occurs. -—— 

3. In potassium phosphate, at 18° C, following rapid turnover of 20-30% 
of the potassium, the remainder follows first-order kinetics with rate constant 
about 0-5 hr-. 

4. In potassium phosphate at 0° C the whole equilibration process is slower, 
and about 20% of the potassium appears to exchange only very slowly. 

5. The possibility of the activity coefficient of the internal potassium being 
reduced at 0° C is discussed in relation to the temperature coefficient of the 
membrane potential. 


My thanks are due to Prof. A. V. Hill for his continued interest in, and support of, this work. 
Some of the expenses were covered by a grant from the Government Grants Committee of the 


Royal Society. 
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THE RELATION BETWEEN THE VOLUME OF A TEST- 
MEAL AND THE GASTRIC SECRETORY RESPONSE 


| By J. N. HUNT anp I. MACDONALD 
From the Department of Physiology, Guy’s Hospital, London, S.E. 1. 
(Received 5 November 1951) 


The volume of a meal is recognized as being one of the many factors which 
evoke gastric secretion in response to food. To study the relationship between 
the volume of a meal and the secretory response to it, an attempt must be 
made to control the other variables by selecting a meal which stimulates by 
virtue of its volume alone. The pectin meal appears to satisfy this requirement, 
and it has been used in the following experiments in which the amounts of 
secretion following various volumes of meal have been measured. Experi- — 
ments were also made to determine whether the upper limit of this response 
was imposed by the total gastric secretory capacity, or by the fraction of the 
total secretory capacity under the control of the reflex arcs responding to the 
pectin test-meal. 
| METHODS 

The experimental methods of the Serial Test-meal which were used in this work have already 
been described (Hunt & Spurrell, 1951; Hunt, 1951). Briefly the method involves washing out — 
the stomach and giving on successive days, a series of test-meals of standard composition con- 
taining an unabsorbable dye (phenol red); the whole of the gastric contents is then removed 
after varying intervals of time on different days. The data obtained are synthesized into a serial 
record of gastric activity. From the amounts of acid, chloride and pepsin in the stomach at the 
time of a withdrawal plus the amounts which may be calculated to have passed into the 
duodenum during the preceding interval, an assessment may be made of the amounts of these 
substances secreted. From the amount of acid and chloride secreted it is possible to calculate 
the volumes of parietal and non-parietal components of gastric juice which have been secreted 
(Fisher & Hunt, 1950). The acid or parietal component of Hollander (1938) is thought in man 
to contain 160 m.equiv H*/l. and 170 m.equiv Cl~/l. The non-parietal component, which is the 
combined products of all the secretory cells of the gastric mucosa except the parietal cells, is 
thought to have a composition which is sensibly constant at 125 m.equiv CI”/l. and 45 m.equiv 
HCO; /l. 

The tube is taken up between the initial washing out of the stomach and the final recovery of 
the gastric contents so that the subject is not encumbered by a tube during the digestive period. 


Experimental procedure 
Series A. Volume increase from 330 to 750 ml. Eight medical students and J.N.H. were given 
& total of 35 meals of 330 ml. and 44 meals of 750 ml. ee ene eee 
The procedure was exactly as previously described. 
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Series B. Volume increase from 750 to 1250 ml. Seven medical students, different from those of 
Series A, and J.N.H. were given a total of 26 meals of 750 ml. and 16 meals of 1250 ml. of pectin 
meal containing no sucrose. When the subjects were to drink 1250 ml, they were first offered 
750 ml. followed by a further 250 ml. of meal, followed by another 250 ml. The majority of the 
subjects drank 1250 ml. without much difficulty within 5 min but one lady (8.M.) experienced 
abdominal disquiet and restlessness, Zero time was taken to be after the ingestion of 750 ml. for 
both volumes of meal. For the large meal withdrawals were made only at 15 and 30 min. 

Series C. Test-meal of 750 ml. plus a subcutaneous injection of histamine. The subjects of Series B 
were given &@ subcutaneous injection of 0-5 mg histamine diphosphate (0-18 mg histamine base) 
followed by 750 ml. of pectin meal without sucrose, withdrawals being made at 15 and 30 min on 
separate days. The experiments with 750 ml. of Series B served as controls for Series C. 

Series D. 330, 750 and 1250 ml. meals in two subjects. 1250 ml. meals + histamine in two subjects. 
A total of 17 meals of 330, 750 and 1250 ml. of pectin meal containing 35 g sucrose/l. were given 
to two subjects. In addition two meals of 1250 ml. of pectin meal containing 35 g sucrose/l. were 
given immediately after a subcutaneous injection of 0-5 mg histamine diphosphate. . 

It may be noted that. the pectin meals of Series A and D contained 35 g of sucrose/l. whilst 
those of Series B and C contained no sucrose. This difference in the composition of the meals arose 
because it was necessary in connexion with other work to have control meals containing no 
sucrose. In the present context the absence of sucrose from the Series B and C was probably of no 
significance. This view is in accord with the findings on J.N.H. who took both types of meal with 
an interval of several months without any appreciable difference in results: the meal with sugar 
evoked 77 ml. of parietal component compared with 63 ml. for the meal without sugar, non- 
parietal component 33 ml. compared with 30 ml., and 6600 pepsin units compared with 6300 unite. 
Further evidence supporting this view is given by comparing the mean secretory responses to 
750 ml. of meal in the subjects of Series A and those of Series B. The mean volumes of parietal 
component were 75 and 72 ml., mean volumes of non-parietal component were 31 ml. (8.8. of 
mean + 4-3 ml.) and 41 ml. (s.z. of mean +4-4 ml.), the mean amounts of pepsin were 13,400 units 
(8.E. of mean + 2500) and 9900 units (s.z. of mean + 2300) for Series A and B respectively. None 
of the differences between these means was statistically significant at the 1 in 10 level. In addition, 
experiments on two subjects of Series D given 330, 750 and 1250 ml. of meal containing 35 g 
sucrose/l. gave results which corresponded with those obtained by pooling Series A and B. 


Statistical methods 

_ Plots of the cumulative amounts of secretion against time were made for each subject and lines 
were computed to pass through the origin. From these lines the mean amounts of the three 
components of the gastric juice secreted in the period 0-30 min were calculated. 

In order that mean changes produced by altering the volume of the meal may be assessed, the 
log of the ratio 

Test secretion with 330 ml. or 1250 ml. 
Control secretion with 750 ml. 


has been calculated for each subject. This gives equal weight to halving and doubling of the control 
secretion by a test procedure. 


RESULTS 

Serves A 
From Table 1 three conclusions may be drawn: the mean secretion of acid 
with the meal of 330 ml. was 25 % less than with the meal of 750 ml.; the mean 
secretion of pepsin with the meal of 330 ml. was 9 % less than ik the meal 
of 750 ml. which is statistically significant only at the 1 in 10 level; no 


consistent deviation in the secretion of the non-parietal component was 
produced by altering the volume of the meal. 
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Series B 
From Table 2 it may be seen that increasing the volume of the meal from 
750 to 1250 ml. produced no consistent deviation in the secretion of parietal 


or non-parietal component. Increasing the volume of the meal from 750 to 
1250 ml. reduced the output of pepsin in every subject, the mean reduction 


being 32 %. 
Series C 


From Table 3 it may be calculated that the mean increase in the secretion 
of acid when an injection of histamine was given with the 750 ml. test-meal 
was 48%. On the other hand, the histamine was without any consistent effect 
on the secretion of non-parietal component. Five subjects out of eight showed 
a minimal change in the output of pepsin when the histamine stimulus was 
added to that of the test-meal. The other three subjects (8.M., B.K.O. and 
C.F.Y.) showed a considerable increase in the output of pepsin when the 
histamine was given. 

Table 4 gives the mean volume of the gastric contents after digestive 
periods of 15 and 30 min and the concentrations of acid, chloride and pepsin 
in the gastric contents for Series A and B. It shows that the larger the meal, 
the larger were the volumes and the lower were the acidities of the gastric 
contents after 15 and 30 min, but the products of acidity and volume, i.e. the 
amounts of acid in the stomach, increased as the volumes of meal ingested 
were increased. 

Series D | 

Table 5 shows results obtained by giving meals of 330, 750 and 1250 ml. 
with 35g sucrose/l. to two subjects. The results are in harmony with a 
synthesis of the results for Series A, B and C in that there is a greater secretion 
of acid and pepsin with a meal of 750 ml. than with either the 300 or 1250 ml. 
meal. The secretion of non-parietal component was erratic as already noted 
in the subjects of Series A and B. 

It may also be seen from Table 5 that histamine broke through the inhibi- 
tion of secretion of acid caused by the 1250 ml. meal in these two subjects. 

Some experimental protocols are given as an appendix. 


DISCUSSION 
The chemical and physical properties of the pectin meal are such that it is 
believed not to evoke the cephalic phase of secretion. The evidence for this 
deserves examination. 
In considering the question whether or not the pectin meal activates the 
cephalic phase of gastric secretion, one must examine first the possibility 
of some conditioned or ‘psychic’ influence, and secondly the possible effect of 


stimulation of receptors by the meal in its passage through mouth, pharynx, 
and oesophagus. 


TaBLeE 2. The effect of changing the volume of the meal from 750 to 1250 ml. on the secretion of varietal comnonent. 
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Conditioning stimuli have been kept at a minimum by the simple routine of 
the meal and by its lack of any conspicuous taste, smell or appearance. No 
subjects have expressed any particular like or dislike for the meal so that it 
seems probable that there is little, if any ‘appetite secretion’. A similar 
featureless presentation characterizes a standard gruel meal and this has been 
shown by Janowitz, Hollander, Orringer, Levy, Winkelstein, Kaufman & 
Margolin (1950) to evoke no cephalic secretion on ‘sham feeding’ a subject 
with oesophageal obstruction. As the mean acidity of the gastric contents and 
the emptying time of the pectin meal are almost indistinguishable from those 

data for the gruel meal obtained 25 years ago by Baird, Campbell & Hern 
(1924), it seems probable that the pectin meal acts via the same mechanisms 
as the ordinary gruel meal. 

The possibility of an unconditioned reflex secretion was tested by comparing 
the secretory responses to meals given down a tube into the stomach with the 
responses to swallowed meals. Giving the meal down the tube made no 
systematic difference to the secretory response (Hunt & Macdonald, 1951). 

This result means that either the afferent impulses from the mouth and 
oesophagus play no part in evoking the response to the pectin meal or the 
exclusion of such impulses was compensated by some other mechanism brought 
into play by the technique. The former possibility seems the more likely. 

The finding that the volume of secretion varied with the volume of the 
meal indicates that ‘volume receptors’ are implicated in the response to the 
meal. This change in the secretory response with change in the volume of 
the meal was not the result of the subjects anticipating different volumes of 
meal, for when the meal was given down the tube the subjects, although they 
did not know the volume they were receiving, secreted the same amount as 
when they drank the meal. ) 

From these considerations it seems unlikely that the secretory response to 
a pectin meal depends to any material extent upon the cephalic phase. The 
final decision on this point cannot be taken until the opportunity arises to 
‘sham feed’ human subjects with gastrostomies. 

Figs. 1-3 summarize the data on the mean changes in secretion during the 
first 30 min of the digestive period produced by altering the volume of the 
pectin test-meal. The responses to 750 ml. of pectin meal have been used as 
a common denominator to relate the results of Series A to Series B. The 
ordinates of the graphs (Figs. 1-3) are the ratios 


Secretion in response to 330 or 1250 ml. of meal 
Secretion in response to 750 ml. of meal 


plotted on a logarithmic scale. The abscissae are the volumes of meal stimu- 
lating secretion. This gives equal weight to halving and doubling of secretion 
by a test procedure. 
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Fig. 1. | Fig. 2. 


Fig. 1. A suggested relation between the volume of a pectin test-meal and the mean secretion of 
parietal component (digestive period 0-30 min). Ordinate: change in secretion of parietal 
component plotted as 

Mean secretion of parietal component with 330 or 1250 ml. meal 
Mean secretion with 750 ml. meal 
on a logarithmic scale. Abscissa: volume of test-meal (ml.). 1, standard error of mean. 
For methods of calculating standard errors of means see tables. 


Fig. 2. A suggested relation between the volume of pectin test-meal and the mean output of 
pepsin (digestive period 0-30 min). Ordinate: change in output of pepsin plotted as 
Mean output of pepsin with 330 or 1260 ml. meal 
Mean output with 750 ml. meal 


on & logarithmic scale. Abscissa: volume of test-meal (ml.). ] , standard error of mean. 
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i i i 
200 600 1000 1400 
Fig. 3. 
non-parietal component (digestive period 0-30 min). Ordinate: change in secretion of non- 
parietal component plotted as 
Mean secretion of non-parietal component with 330 or 1250 ml. meal 
Mean secretion with 750 ml. meal 
on a logarithmic scale. Abscissa: volume of test-meal (ml.). { , standard error of mean. 
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It is apparent from Figs. 1-3 that the secretion of each component was 
differently affected by the alterations in the volume of the test-meal. 

Fig. 1 shows that the secretion of parietal component increased when the 
volume of the meal was raised from 330 to 750 ml. Since there are grounds 
for believing that the cephalic phase of secretion is not involved in this 
response, receptors lying distal to the cardia are — responding to 
variations in the volume of the meal. 

Increasing the volume of the meal from 750 to 1250 ml. was followed by no 
increase in the amount of parietal component formed. This would be explained 
if it were found that the stomach were secreting at a rate equal to its 
maximum capability for the full 30 min of the digestive period in response to 
750 ml. of meal. However, this was not so, for an injection of histamine given 
simultaneously with the meal enhanced the parietal response. Thus the 
response to 750 ml. of meal was not the maximum of which the stomach was 
capable. The results shown in Table 5 suggest that the secretion of acid may 
be inhibited by the ingestion of 1250 ml. of meal, and the dotted line in | 
Fig. 1 has been drawn to suggest the same idea. This inhibition cannot be 
offering an impassable barrier to stimuli such as histamine acting at the 
extreme periphery of the secretory mechanism, since histamine can augment 
the secretion of acid in response to the 1250 ml. meal. 

It may be seen from Fig. 2 that raising the volume of the meal from 330 to 
750 ml. increased the mean output of pepsin, but that an increase in the 
volume of the meal to 1250 ml. was accompanied by a striking reduction in 
the output of pepsin. This type of relationship between the magnitude of the 
stimulus and the response again suggests an er between stimulatory | 
and inhibitory mechanisms. 

The output of pepsin during the first 30 min of the digestive period was 
presumably partly preformed pepsin washed out of the gastric tubules. When 
the large meal was given, the output of pepsin fell in every subject. This 
could not have been the result of a reduction in the volume available for 
washing out, since it occurred in three subjects in whom the total volume of 
secretion went up. But the output of pepsin fell by a mean of about 30% 
with the larger meal. Thus at least some of the pepsin output in the first 
30 min of the 750 ml. meal was probably pepsin truly secreted, for it is only 
the secretion of pepsin which can be inhibited. 

From the mean data of the present study it was concluded that increasing 
the volume of the meal from 750 to 1250 ml. was without effect on the mean 
secretion of the parietal component, although in fact some subjects secreted 
more acid with the large meal than with the meal of 750 ml. whilst some 
secreted less. Fig. 4 shows that there may be a relationship between the 
reduction in the output of pepsin with the 1250 ml. meal and the alteration 
in the secretion of acid. The chances that alterations in the output of pepsin 
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and acid produced by altering the volume of the meal from .750 to 1250 mi. 
are correlated may be calculated to be 1 in 18 for these subjects. There is, in 
addition, a correlation between the fall in the amount of acid secreted and 
the output of pepsin, produced by reducing the volume of the meal from 
750 to 330 ml. These data would be in accord with a hypothesis that increasing 
the volume of the meal still further would inhibit the mean amount of acid 
secreted as well as the output of pepsin, a point which has been given tentative 
form in Fig. 1. 
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Fig. 4. A plot of alterations in output of pepsin and secretion of acid produced by increasing the 
volume of the meal from 750 to 1250 ml. Ordinate: change in output of pepsin plotted as 
Output of pepsin with 1250 ml. 3 
Output of pepsin with 750 ml. | 
on a logarithmic scale. Abscissa; change in secretion of parietal component plotted 
Secretion with 1250 ml. 
| Secretion with 750 ml. 
on a logarithmic scale. @ represents results for one subject. 

The injection of histamine made no difference to the output of pepsin in 
five subjects out of eight. This was the expected result, since histamine is 
believed not to stimulate the pepsin-producing cells. The results for the three 
other subjects in whom the output: was increased could be explained in the 
following way. Part of the output of pepsin during the initial phase of the 
digestive period is merely flushed out of the tubules of the gastric glands. If 
the flow of juice in response to a meal were small it might be expected that the 
pepsin would be incompletely washed out. On the other hand, were the flow 
to be vigorous, it might be expected to clear the tubules almost completely. 
Thus if a small flow of acid were much augmented by an injection of histamine 
it might increase the output of pepsin considerably. On the other hand, if the 
flow in response to the meal alone were vigorous, augmenting the flow with 
histamine would have no affect on the output of pepsin. From Table 3 it can 
be seen that the three subjects who showed increases in the output of pepsin 
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a considerable proportion of this variation can be ascribed to the Serial Test- 


_ which regurgitate, will contribute mainly ‘neutral chloride’ to the gastric — 


‘Mean output of parietal component, whereas a further increase to 1250 ml. 


led to a marked fall in the output of pepsin. 
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with a meal plus histamine (8.M., B.K.O. and C.F.Y.) formed small volumes 
of parietal component in response to the meal alone and had a considerably 
increased flow of parietal component when the histamine stimulus was added. 

Fig. 3 shows that increasing the volume of the test-meal had no significant 
effect on the secretion of the non-parietal component during the first 30 min 
of the digestive period, nor did an injection of histamine given with a 750 ml. 
pectin meal influence the non-parietal component. 

Examination of the results for the secretion of the non-parietal component 
under the conditions of these experiments shows that the responses to the 
change in stimulus vary very much between individuals. It is probable that 


meal method itself. Any saliva which is swallowed, or duodenal contents 


contents which will be interpreted as having its origin in the non-parietal 
component. Thus the major portion of the errors due to contamination fall 
on the hypothetical non-parietal component which is usually relatively small 
in volume. 

The data presented in Table 4 show that in the first 30 min of the digestive 
period the acidity of the gastric contents after a pectin meal was less as the 
meal was made larger. Thus the gastric contents presumably imposed a smaller 
chemical strain on the mucosa when the volume of the meal was large than 
when it was small. 

It may be noted, in passing, that an injection of histamine had no statis- 
tically significant influence on the emptying of the stomach. 


SUMMARY 

1, The relationship between the volume of a pectin test-meal and the 
gastric secretory response for the first 30 min of the digestive period has been 
studied. 
2. The changes in the output of parietal component, non-parietal com- 
ponent and pepsin, produced by increasing the volume of the meal from 
330 to 750 to 1250 ml. were different for each component. 
3. An increase in the volume of the meal from 330 to 750 ml. increased the 


gave little change. These responses were augmented by histamine. 
4, An increase in the volume of the test-meal from 330 to 750 ml. produced 
a slight increase in the output of pepsin, whereas a further increase to 1250 ml. 


5. Increasing the volume of meal had no effect on the hypothetical non- 
parietal secretion. Histamine did not augment the secretion of — 
component. 

6. The possible interference of stimulation and inhibition is Beene. 
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_ We are greatly indebted to our subjects for their co-operation. 


Note added in proof. Since the paper was submitted for publication an opportunity has arisen 
to ‘sham feed’ s subject with the pectin meal. ‘The findings support the view that the peotin 
| 
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PULMONARY VASOMOTOR RESPONSES OF ISOLATED 
PERFUSED CAT LUNGS TO ANOXIA 


By HELEN N. DUKE anp ESTHER M. KILLICK — 
From the Royal Free Hospital School of Medicine, London 


(Received 19 November 1951) 


It has been shown previously (Duke, 1951; Nisell, 1950) that ventilation of 
isolated perfused cat lungs with nitrogen, or gas mixtures containing less 
than 15% O,, causes a rise in pulmonary arterial pressure. The experiments 
described in this paper were done to see if carbon monoxide and certain known 
inhibitors of oxidative enzyme systems produced a similar response. For this 
purpose pulmonary vasomotor responses to ventilation of the lungs with N, 
or CO were compared with those produced by injection of sodium cyanide, 
sodium azide or sodium monoiodoacetate. Some of the results have sata | 
_ been briefly reported elsewhere (Duke & Killick, 1950, 1951). 


METHODS 


Isolated cat lungs were perfused at constant volume inflow with the animal’s own heparinized 
blood, as previously described (Duke, 1951). The lungs were ventilated by intermittent positive 
pressure inflations (Starling ‘Ideal’ pump), and the tidal air was recorded by Konzett & Réssler’s 
(1940) method under a constant positive pressure which varied between +6 and +12 cm H,0 in 
different experiments. The amount of air entering the lungs at each inflation could be calculated 
approximately by subtracting the tidal air overflow volume from the total respiratory pump 
stroke volume. Pulmonary arterial pressure and lung blood volume were also recorded. Blood 
gas analysis was done on samples of blood from the pulmonary arterial tubing, and O, and CO, 
were estimated in a Van Slyke apparatus (Peters & Van Slyke, 1932). Carboxyhaemoglobin was 
estimated by means of a Hartridge reversion spectroscope previously calibrated with cat’s blood. 
The concentration of haemoglobin in the blood was determined with a Gowers Haldane haemo- 
globinometer and the pH of the blood was recorded with a Cambridge meter. The concentration 
of CO in air samples was analysed by the iodine pentoxide method (Haldane & Graham, 1935). 
The CO used in the experiments was either the pure gas (as supplied by Imperial Chemical 
Industries Ltd.) or was made by the action of sulphuric acid on sodium formate. 


RESULTS 

Nitrogen 
Ventilation of the lungs with nitrogen instead of air for periods of 2-10 min 
produced the increase of pulmonary arterial pressure which has been described 
previously (Duke, 1951). This pressor response was observed during 105 tests 
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in twenty-four experiments of the present series at intervals varying from 
} to 5} hr from the commencement of perfusion of the lungs. In the majority 


Fig. 1. Cat, 28 kg. Blood perfusion begun at 11.22 a.m. Air ventilation, N, ventilated during 
signal. Partial replacement of blood by Dextran. Top, 12.22 p.m.: blood sample at S,; 
blood, O, 9°23 vol. %; CO, 19-91 vol. %; Hb70%. Middle, 12.50 p.m.: Hb 31%. Bottom, 
1.18 p.m.: Hb 8%. P.a.P.=pulmonary arterial pressure. 


of these experiments there was evidence of increasing sensitivity of the lung 
blood vessels to O, lack as the perfusion continued. 
Pulmonary pressor responses to nitrogen inhalation also occurred in pre- 
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. saturation later in the experiment when the haemoglobin concentration was 
reduced to 8%. The responses to N,, however, were very similar under these 


tended to become more sensitive to CO during the course of perfusion. 
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parations perfused either with Ringer Locke solution or with Dextran. These 
solutions were either perfused through the lungs from the beginning of the 
experiment or they were used as a partial replacement of the blood in the 
circuit during the course of the experiment. In the latter case the haemoglobin 
concentration of the perfusate was reduced to values varying from 1 to 20%, 
although the total volume of perfusate was not increased. Fig. 1 shows the 
effect of ventilating with N, for 4 min periods in a preparation in which the 
concentration of haemoglobin in the perfusate was reduced from 70 to 8% 
(Haldane scale) by the addition of Dextran to the circuit and withdrawal of 
blood. With this preparation the blood contained 9-23 vol. % O, towards the 
end of the test with N, when the haemoglobin concentration was 70%. This 
oxygen content was greater than could have been attained even at full 


different conditions, and it appeared that it was the change in O, tension in the 
blood or in the alveolus that was responsible for the appearance of the N, 
effect and not the change in O, content of the blood. Moreover, pulmonary 
pressor responses to N, could be obtained when the circulating blood was 
60-80% saturated with CO. In some experiments, however, there was 
evidence that the vasoconstrictor effect of N, was somewhat lessened by 
diluting the blood with Dextran or by partially saturating it with CO. The 
reason for this was obscure and was apparently not related to a change in 
blood viscosity, because there was no significant difference in the viscosity of 
Dextran and cat’s blood when measured under similar conditions. 


Carbon monoxide 

Ventilation of the lungs with pure CO produced a fall of pulmonary arterial 
pressure (after a latent period of 30-90 sec) often accompanied by broncho- 
dilatation (see Fig. 2). The depressor effect of CO was observed in nineteen 
tests in eleven experiments at times varying from 1} to 54 hr from the 
beginning of the perfusion; the pulmonary arterial pressure decreased by 
1-23 % of its initial value after 2-6 min inhalation of CO (see Table 2). In 
ten out of the thirteen tests made while recording the pulmonary ventilation 
the bronchi dilated to produce a 1-18 % increase in tidal air. Similar, but less 
marked, pulmonary depressor responses followed ventilation of the lungs with 
mixtures containing 1-20°% CO in air, although not every preparation was 
sufficiently sensitive to respond to 1% CO. The pulmonary blood vessels also 


The addition of 5-10% CO, to the gas mixture did not prevent the appearance 
of the response to CO, and no conclusive evidence was obtained that inhalation 
of CO produced any change in blood pH which could account for its effects 
(see Table 1). The vasomotor effects of CO were not reversed or inhibited by 
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atropine sulphate (concentration 1 : 250,000) or dihydroergotamine (concen- 
tration 1: 5000) added to the blood either together or separately, and large 
doses (5-200 ug) of decamethonium iodide were also without apparent effect. 

The short latent period between the administration of CO and the fall in 
pressure, and the rapid return of the pressure to its original level on ventilating 
the lungs with air, suggested that the depressor response could hardly be 


4 
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A 
Fig. 2. Cat, 4-0 kg. Perfusion begun 11.35 a.m. Blood flow 180 c.c./min. Ventilation positive 
pressure 12 cm H,O, pump 60 c.c./stroke. Air ventilation. A, 3.25 p.m.: pure CO ventilated 
during signal. B, 5.00 p.m.: pure N, ventilated during signal. Blood COHb saturation; 
3.21 p.m. 51%; 3.28 p.m. 64%; 1.4.0. =tidal air (overflow volume), 


TaBLE 1. Pulmonary arterial blood pH changes, as the result of various teste 


Blood pH 
Expt. no. Test Before After 
18 N, inhalation (from air) 8-12 8-00 
18 N, inhalation (from air) 8-06 8-06 
18 N, inhalation (from air) 8-08 7-99 
18 N, inhalation (from air) 8-02 7:97 
19 N, inhalation (from air) 8-41 8-37 
19 Ny inhalation (from air) 8-41 8-40 
20 5% CO, in N, (from 5% CO, in air) 7-46 7-48 
22 5% CO, in N, (from 5% CO, in air) 7-51 7-62 
18 NalA 7:97 7-86 
19 NalIA 7-32 7°26 
20 NaN, 7-40 7-40 
21 NaN, 7-60 7-62 
19 CO i ion (from air) «831 8-27 
19 CO inhalation (from air) 8-08 8-06 
20 CO inhalation (from air) 7-58 7-60 
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l= determined by the concentration of carboxyhaemoglobin in the blood. The 
percentage saturation of the pulmonary arterial blood with CO was measured 


TaBxE 2. Inhalation of pure CO (from air) 


Time from begin- 

ning of perfusion Duration of Percentage Blood CO 

to test CO inhalation decrease change _ after test 

Expt. no hr min (min) P.A.P. (%) 
48 3 24 4 20 +18 — 
48 3 50 4 Il +11 64 
48 5 35 18 
3 1 4 6 7 — 75 
3 3 sot 6 19 +5 83 
10 1 2 8 
1 2 2 0 86 
11 3 6 .2 4 +9 86 
11 4 i 2 23 0 83-5 
19 2 2 8 +1 86 
20 3 15 24 1 — 79 
21 3 36 3 2 — 85 
34 2 39 2 5 +7 77-5 
38* 1 25 1} 23 

47 1 323 3 9 
47 1 49 3 9 +6 — 
47 2 30 3 22 +2 a 
48 (a) 1 13 1} 0-5 +1 — 
48 (a) 2 13 2 13. 


* Dextran only as perfusate. 


Fig. 3. Cat, 3-7 kg. Perfusion begun 11.30 a.m. Ventilated with 5% CO, in air. A, 12.44 p.m.: 
1% CO and 5% CO, in air. B, 12.52 p.m.: still ventilated with 1% CO. C, 1.28 p.m.: 5% 
CO, in air. Blood COHb saturation: 12.50 p.m. 29%; 1.20 p.m. 81%; 1.33 p.m. 73%. 


at various time intervals before, during and after CO inhalation in several 

experiments of which one is shown in Fig. 3. In this test the maximum fall 

of pulmonary arterial pressure was reached when the haemoglobin was 29 % 
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saturated with CO. On ventilating with air the pressure rose steeply to reach 
a maximum level in 3 min, but the concentration of carboxyhaemoglobin fell 
from 81% to only 73 % in 5 min. Three similar tests in other experiments also 
showed there was no relationship between the proportion of carboxyhaemo- 
globin in the blood and the level of the pulmonary arterial pressure. Other 
indications of a similar nature were that decreasing the blood haemoglobin to 
1% or less by withdrawal of blood from the circuit and replacing it with 


Dextran did not abolish the response; nor was the sensitivity of the response 


to CO markedly altered when the blood already contained carboxyhaemo- 
globin at the beginning of the test. 

It was important to find out if the difference in the pulmonary vascular 
response to CO and to N, was due to the greater degree of tissue O, lack which 
might have been caused by CO or whether CO was producing some other effect 
than could be ascribed to its combination with haemoglobin and its effect on 
the oxygen dissociation curve of the blood. Tests were therefore made to see 
if the response to CO was affected by the presence of N,. In the experiment 
shown in Fig. 4 the fall in pulmonary arterial pressure caused by ventilation 


of the lungs with 20% CO in air or N, was almost identical in the two tests; — 


however, the response was maintained during inhalation of 1% CO in air, but 
not during inhalation of 1% CO in N,. In another experiment (see Fig. 5) 
pulmonary depressor responses were obtained to 5 % CO in air and to pure CO, 
but 5% CO in N, produced a pressor effect, though less than that caused by 
N, or 5% O, in Ng. Since the pressor effect of N, could be superimposed on 
the depressor effect of CO it appeared improbable that both types of response 
had a common cause, and possible that CO was exerting some effect that was 
not due solely to lack of oxygen in the ventilating gas mixture. 
Observations were also made of the effects of varying the concentration of 
O, in test gas mixtures which contained known concentrations of CO. For this 
purpose concentrations (1-5%) of CO were chosen which elicited minimal 
responses, and @ comparison was made of the effect on the pulmonary arterial 
pressure of inhaling the same concentration of CO in air or in O, for similar 
periods of time (usually 2-4 min). In this way the ratio CO: O, could be 
varied from 1 : 20-7 (1% CO in air) to 1 : 99 (1% CO in O,). In seven out of 
eight tests (one of which is shown in Fig. 6) made in seven experiments, CO in 
_O, was either without effect on the pulmonary arterial pressure or the response 
was much less than that produced by the same concentration of CO in air, and 
the results were equivocal in the remaining test. Analyses of the gas mixtures 
used for the tests were done on four occasions, and each time the mixture 
consisting of CO and O, contained 0-1-0-3 vol. % more CO than the mixture of 
CO in air. Table 3 gives a list of the various gas mixtures tested and indicates 
their effect on the pulmonary arterial pressure. Pulmonary depressor responses 
were consistently found when the ratio CO/O, in the inspired air was greater 
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| than 0-1. When the ratio CO/O, was reduced to 0-05 some preparations failed 
to respond, and further reduction of the ratio to 0-01 abolished the response. 

Three experiments have also been performed on isolated rabbit lungs 
perfused in a similar manner to the cat lungs already described. These 


Fig. 4. Cat, 2-4kg. Perfusion begun 11.50a.m. Air ventilation. Top: N, ventilated during 
signal. Middle: 20% CO in air followed by 1% CO in air. Bottom: 20% CO in N, followed 
by 1% CO in N,. % sat. of Hb with CO also shown. 


preparations showed pulmonary pressor responses to CO given during the 
first 1-2 hr of perfusion, although later tests with CO caused a fall in pul- 
monary arterial pressure. The response to N, was pressor throughout the 
experiments. 
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The effects of enzyme inhibitors 
High concentrations of CO can inhibit oxidative enzymes (Keilin, 1929; 
Warburg, 1949). With this property of CO in mind other inhibitors of the same 
enzymes were tested on the isolated lung. 


A C D E 
Fig. 5. Cat, 25 kg. Perfusion begun 11.40 a.m. Air ventilation. Ventilation with gas mixture 


during signals, A, 2.56 p.m.: 5% CO in air. B, 2.56 p.m.: CO. C 3.38 p.m.: 5% CO in N,. — 


D, 3.38 p.m.: N,. H, 4-05 p.m.: 5% O, in N,. 


Fig. 6. Cat, 2-3 kg. Dextran perfusion begun 2.40 p.m. Air ventilation. Ventilated with test gases 
during signals. A, 4.15 p.m.: 5% CO in air. B, 4.30 p.m.: 5% CO in O,. C, 4.46 p.m.: 
5% CO in air. 


Injection of sodium azide (dose 4-5 mg) or HCN or sodium cyanide (dose 
- 10mg) into the pulmonary artery produced a fall of pulmonary arterial pressure 
(see Table 4). With both drugs the fall of pulmonary arterial pressure occurred 
after a latent period of 10-20 sec, but cyanide differed from azide in that it some- 
times caused bronchodilatation. Pulmonary oedema also usually occurred within 
15 min of the injection of cyanide, but sodium azide did not cause oedema so 
rapidly. After administration :of azide, the pulmonary vessels were unre- 
sponsive to N,, CO or HCN, although pulmonary vasomotor responses could 
still be obtained to ACh and adrenaline for about 1 hr. Fig. 7 shows a typical 
response to cyanide, and Fig. 8 shows that sodium azide, which itself caused 
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 Tasue 3. The effects of varying proportions of CO and O, on the pulmonary arterial pressure 
P.A.P. response 


\\\\ 


Fig. 7. Cat, 2-4 kg. Perfusion begun 11.50 a.m. Ventilation positive pressure, 10 cm H,O, pump 
60 c.c./stroke. 4.11 p.m. (signal) 10 mg HCN injected into pulmonary artery. (HCN approx: 


concn. =0-004 m.) 


D=pulmonary depressor response. 
? =doubtful depressor response 


TaBLE 4. The effects of azide and cyanide on the pulmonary arterial pressure 


100% CO 100/0 =00 

20% CO in O, 20/80 =0-25 3 

20% CO in air 20/20 = 1-0 4 

10% CO in air 10/20 =0-5 : 4 

10% CO in O, 10/90 =0-1 4 

5%, CO in air 5/20 =0-25 4 

5 CO in 0, 5/95 = 0-05 

1% CO in air 1/20 =0-05 : 

1% CO in O, 1/99 =0-01 
Percentage Percentage 

Drug and dose decrease change in 

Expt. no. (mg) P.A.P. T.A. ; 

2 HCN 10 32 +11 | 
3 HCN 10 23 0 4 

20 NaN, 4 50 0 3 

21 NaN, 5 50 0 | 

25 ' NaN, 5 7 0 

+2 22 0 

24 NaN, 5 55 0 : 
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a slight fall of pulmonary arterial pressure, greatly reduced the response to N,. 
The response of the same lungs to ACh and adrenaline 1s shown later in the 
same experiment, 
Injection of sodium monoiodoacetate (dose 5-10 mg) produced an increase of 
pulmonary arterial pressure within 10 min in six preparations. The pressure 
rose gradually to reach a maximum value after 10-15 min (see Fig. 9). 
‘Inhalation of N, after iodoacetate produced a fall of pulmonary arterial 


Fig. 8. Cat, 19 kg. Perfusion begun 10.20 a.m. Air ventilation. (1) 11.14 a.m.: ventilation with 
N,. (2) 11.26 a.m.: 2mg NaN,. (3) 12.16 p.m.: ventilation with N,. (4) 12.15 p.m.: saline 
control. (5) 12.22 p.m.: 10 ng ACh. 12.25 p.m.: 10 pg adrenaline, 3 


instead of the rise which was obtained earlier in the same experiment — 
(see Table 5), although the response to CO was unchanged. Fig. 10 shows the 
response to N, before and after iodoacetate in the same experiment as in Fig. 8. 


DISCUSSION 
The experiments here described show that, in conditions in which cardio- 
vascular and respiratory reflexes are excluded, ventilation of isolated lungs 
with CO produces an effect on the pulmonary blood vessels which differs from 
that produced by ventilation with N,. Duke (1951) showed that a pressor 
response could be produced by ventilating the lungs with H,, neon, or N,. It 
was concluded that this pressor response was due to substitution of an 
indifferent gas for air or O,, rather than to any specific effect of the gases. The 
present results confirm the effect of O, lack, and indicate that a change in 
partial pressure of O, in the perfusate or in the alveolar air is responsible for 
the effect, rather than a change in the O, content of the perfusate. Dilution 
of the blood with Dextran so that its 0, content was very low caused no change 
in pulmonary arterial pressure, provided the lungs were ventilated with air or 
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0, so that the partial pressure of the latter gas did not fall below the normal 
value. Under these conditions ventilation of the lungs with N, caused the 
usual pressor response. | 


Fig. 9. Cat, 2-5 kg. Perfusion begun 12.30 p.m. Ventilation positive pressure, 10 cm H,O, pump 
45 c.c./stroke. 1.27 p.m. (signal): 5 mg sodium monoiodoacetate injected into pulmonary 
artery (NalA concn. 0-00024 m). v.R.=venous reservoir blood volume. 

TaBLz 5. The effects of sodium monoiodoacetate on the pulmonary arterial pressure 


Percentage change in P.a.P. to N, 


Expt. Dose of NalA Time Time 
no. (mg) Before NaIA (min) After NaIlA (min) 
ll 10 +10 +41 9 13 
13 5 +16 20 -19 1 
+5 -19 1 
15 5 + 9 41} - 3 11 


| Similar evidence was provided by experiments in which ventilation of the 
lungs with CO had resulted in combination of 70-80% of the haemoglobin in 
the perfusate with CO. The diminished oxygen content thus produced caused 
no pressor response if the lungs were ventilated with air, thus maintaining the 
partial pressure of oxygen. 

The observation that ventilation with pure CO caused a fall in pulmonary 
| arterial pressure indicates that some effect was produced by the CO in addition 
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to that of oxygen lack such as could be produced by ventilation with N,, H, 

or neon. | 
The depressor response to CO was not due merely to changes in bronchial 

calibre, because these were not always present. Nervous stimulation is unlikely 


Fig. 10. Cat, 2-5 kg. Perfusion begun 12.30 p.m. Ventilation positive pressure, 10 cm H,O0, pump 
45 c.c./stroke. Air ventilation. A, 1.07 p.m.: ventilation with N, during signal. B, 1.464 p.m.: 
ventilation with N, during signal. Between A and B, 5 mg sodium monoiodoacetate injected 
into pulmonary artery. | 


to be responsible, because the response was not inhibited by atropine, ergo- 
toxine, or decamethonium iodide. It is probable, therefore, that CO directly 
dilates some part of the pulmonary vascular bed. 

The toxic effects of CO in the whole animal have generally been considered 
to be due to two properties: its strong affinity for haemoglobin compared with 
oxygen, and its effect in shifting the blood O, dissociation curve to the left. The 
resulting anoxia is thus held to be of the anoxic type (Peters & Van Slyke, 
1932). There is much evidence in support of this view (for refs. see Killick, 
1940); however, other results have been more equivocal. For instance, 
Brewer (1937) found that CO had different effects from N, on the blood 
pressure of anaesthetized dogs. Cats are more susceptible to a reduction in 
O, capacity of the blood caused by formation of COHb than formation of 
methaemoglobin (Lester & Greenberg, 1944). Drabkin, Lewey, Bellet & 
Ehrich (1943) found that dogs which inhaled CO until their blood was 75% 
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saturated with HbCO died, whereas levels of 75% obtained by transfusion 
with R.B.c.’s saturated with CO were ineffective in producing signs of anoxia 
on the e.c.g. e of these effects may be explained by the maintenance of 
a normal 2 tension during poisoning of the whole animal with CO, 
and consequent lack of chemoreceptor stimulation (Comroe & Schmidt, 1938; 
Chiodi, Dill, Consolazio & Horvath, 1941). The present experiments, how- 
ever, support the view that CO has some other effect than can be explained 
by the anoxia caused by its combination with haemoglobin; the mechanism 
for this remains to be determined. 

Carbon monoxide is known to combine with respiratory haem compounds 
other than haemoglobin (Millikan, 1936). The tissue oxidative systems, how- 
ever, have a low affinity for CO; half inhibition of respiration in yeast cells is 
produced by a CO/O, ratio of approximately 10 (Warburg, 1949). Experiments 
on isolated tissues have yielded results indicating that the cytochrome system 
of mammalian cells has a similar low affinity for CO. Amongst the respiratory 
haem compounds, myoglobin is exceptional in having a relatively high affinity 
for CO; myoglobin is combined to the extent of 50% with CO and 50% with 
0, at a CO/O, ratio of 1/20 (Millikan, 1936). 

In our experiments the response of the pulmonary arterial pressure could be 
correlated with the CO/O, ratio in the gas mixture used to ventilate the lungs 
(see Table 3). A fall in pressure followed ventilation with mixtures having 
. a CO/O, ratio of 1/10 or more. Mixtures containing a lower ratio of CO/O, 
were ineffective, and there was some tendency for the depressor response to 
become more marked as the CO/O, ratio in the gas mixture was increased. 

We can only suggest tentatively that CO may have combined with some © 
haem compound other than haemoglobin, and that the inactivation of this 
compound resulted in a fall of pulmonary arterial pressure. We have no 
evidence on which to base either a suggestion of the ompennc of this compound, 
or of its location. 

The observation of a fall in pulmonary arterial pressure resulting from the 
injection of either sodium cyanide or sodium azide is of interest in this 
connexion, since both these substances are known inhibitors of haem-containing 
enzyme systems. It is not possible, as yet, to suggest any correlation between 
these results and the pressor response to the anoxia caused by ventilating the 
lungs with N,. 


SUMMARY 
1. Isolated cat lungs were perfused through the pulmonary artery with the 
animal’s own blood at constant volume inflow. 
2. Ventilation of the lungs with pure CO or 1-20 % CO in air (instead of air) 
constantly produces a fall in pulmonary arterial pressure usually accompanied 
by bronchodilatation. 
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3. The response to CO is not inhibited by atropine, dihydroergotamine or 
decamethonium iodide, and it is not sean inses by significant changes in 
blood pH. 

4. The vasomotor responses to CO and N, can both be produced during 
perfusion of the lungs with Dextran; and it is probable that it is the change in 
tension of the gas in the blood or alveolar air which is important. 

5. Since the response to N, can be superimposed upon that to CO it is 
suggested that the mechanism of the two effects must be different. 

6. Pulmonary vasodilatation is produced by injection of cyanide or azide 
into the pulmonary artery. Injection of sodium monoiodoacetate produces 
a gradual rise of pressure with subsequent reversal of the nitrogen effect. 


The authors wish to thank the Central Research Fund, London University, for a grant towards 


the cost of apparatus. Messrs Crookes Ltd. kindly supplied some of the Dextran used and 


Sandoz Ltd., the dihydroergotamine. 
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The comprehensive review by Gruber (1933) indicates how conflicting is the 
evidence concerning the influence of the hypogastric nerve on the uterus in 
different species, and, because of this diversity, data relating only to the rabbit 
are referred to and discussed in this paper. Langley & Anderson (1895) con- 
cluded that the sole nerve supply to the uterus of the rabbit is through the 
hypogastric nerve, and is excitor in effect. Dale (1906) and Cushny (1906) 
both found that hypogastric stimulation and adrenaline injection had similar 
excitor effects on the uterus and this has been confirmed by subsequent 
workers. Mann (1950) analysed blood obtained from the uterine veins and 
found that both adrenaline and noradrenaline were present in increased 
amounts during stimulation of the hypogastric nerve. She also found that the 
uterine response to hypogastric stimulation was not potentiated by eserine | 
and was abolished by dibenamine. She concluded that the nerve fibres con- 
cerned are adrenergic. 

Evidence exists which suggests that the fibres are cholinergic rather than 
adrenergic. Labate (1941) was unable in the majority of experiments to 
potentiate the effects of adrenaline and hypogastric stimulation on the uterus 
| with cocaine, and he therefore assumed that the majority of the hypogastric 
fibres in the rabbit are cholinergic. In later experiments Labate & Sheehan 
(1943) found that although small doses of atropine did not abolish the uterine 
responses to hypogastric stimulation, the response was abolished by large doses 
ranging from 10 to 50 mg. Langley & Anderson (1896) and Cushny (1906) 
noted that atropine in doses up to 50 mg did not affect the spontaneous uterine 
activity or the response of the uterus to hypogastric stimulation. 

The position of the ganglion cells of the hypogastric fibres is still a matter 
of some doubt. Langley & Anderson (1896) concluded that although some of 
the fibres supplying the uterus have a synapse in the inferior mesenteric 
ganglia, the majority of the ganglion cells lie close to the uterus. Cushny (1906) 
found that the excitor response of the uterus to stimulation of the hypogastric 
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nerve was diminished after nicotine, but that complete paralysis was not 
obtained except by quantities of nicotine which greatly weakened the heart. 
He concluded, like Langley & Anderson, that the majority of the fibres in this 
nerve are preganglionic. 

It is commonly stated that the nervus erigens contains’ parasympathetic 
fibres which inhibit the movements of the uterus. This statement, so far as the 
rabbit is concerned, has not been substantiated. Kehrer (quoted by Langley 
& Anderson, 1895), Korner (1865) and Rohrig (1879) claimed to have obtained 
contraction of the uterus on stimulation of the sacral outflow. Frankenhduser 
(1864) found that stimulation of the sacral outflow caused inhibition of uterine 
movements, but later (1867) he withdrew this statement and left the matter 
open. Langley & Anderson (1895) stated that in their experiments, stimulation 
of the sacral nerves or of the pelvic nerve near its origin had no direct effect on 
the uterus. However, since they do not appear to have made graphic records 


one is inclined to wonder if, in fact, they may have missed small alterations in — 


rhythm or tone, especially if such occurred after a long latent period. Keiffer 
(1896) independently investigated the innervation of the uterus and his results 
agree for the most part with those of Langley & Anderson. 

Since that time little experimental evidence has been put forward as to 
whether the musculature of the rabbit uterus is, or is not, innervated by the 
nervus erigens. 

METHOD 


The method for recording cervical uterine activity was that devised by Adler, Bell & Knox (1944). 
Variations in the volume of a small balloon lying in the cervix were magnified photoelectrically 


Lateral view 


"Fig. 1. Diagram showing the electrodes mounted in Perspex which were used for stimulating 
the hypogastric nerve and nervus erigens. 


and recorded by a galvanometer writing on smoked paper. The movements of the longitudinal 
muscle of the cornu were recorded directly by using a boat-shaped cannula as described by Bell & 
Robson (1936). The hypogastric nerve was stimulated by electrodes designed by G. L. Brown 
(Fig. 1). Four silver wires were enclosed in Perspex for about 6 cm of their length; at one end, 
they were free, at the other, they lay across a small Perspex tube, one half of which could be lifted 
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off. The device was inserted through a small stab wound so that the free end of the wires lay _ 
outside the abdomen. The hypogastric nerve was dissected out, and, at the level of the bifurcation 
of the aorta, was threaded between the wires crossing the Perspex tube, and protected by tying 
the lid over the tube. A smaller device carrying three platinum wires was used for stimulating the 
nervus erigens. The nerves were covered by liquid paraffin to prevent drying. The abdominal wall 
was compietely closed and the animal remained in good condition for several hours. Square wave 
pulses ranging from 100 to 0-01 msec, at frequencies of 1, 5, or 50 shocks per sec were applied from 
a Ritchie-Sneath stimulator. The systemic blood pressure was recorded from the carotid artery. 

All the non-pregnant rabbits were spayed a week before the experiment and injected intra- 
muscularly at the same time with 1 mg oestradiol dipropionate (Ovocyclin P, Ciba). Pregnant 
rabbits were used on the 30th day of pregnancy or on the day following parturition, which nearly 
always occurred during the night. The reactions of the uterus prepartum and postpartum were so 
alike that these rabbite have been classed as parturient. Sodium pentobarbital anaesthesia was 
used and the drugs were administered by the ear veins unless otherwise stated. 


RESULTS 


Stimulation of the hypogastric nerve with square wave pulses resulted in- 
variably in a rise in tone and an increase in frequency of contractions of cervix 
and cornu in both oestrous and parturient animals. The optimum effect was 
achieved with 1 msec impulse at a frequency of 50 per sec. Often the increased 
activity was followed by a period of relative or complete inactivity which 
lasted several minutes (Fig. 2). Sometimes, if the stimulation was prolonged, 
this period of inactivity followed during the stimulation. The response of 
cervix and cornu to hypogastric stimulation occurred whether the nerve was 
intact or cut central to the electrodes, but could not be demonstrated if the 
nerve was cut peripheral to the electrodes. This showed that the response was 
not effected by spread of current. 

Adrenaline and noradrenaline given intravenously produced, as did stimula- 
tion of the hypogastric nerve, a period of increased activity of cervix and cornu 
followed by diminished activity (Fig. 3). The doses given ranged from 0-01 yg, 
which was subthreshold, up to 0-2 mg. 

__ The responses of cervix and cornu to hypogastric stimulation and adrenaline 
and noradrenaline injection were unaffected by cocaine (0-1-35 mg) but 
were abolished by dihydroergotamine (2 mg/kg body weight) (Fig. 4). Spon- 
taneous activity was considerably reduced by the dihydroergotamine, but the 
reactivity of the uterine muscle itself was preserved since the response to 
oxytocin was unaltered. Dibenamine, in doses of 18 mg/kg body weight, was 
injected into the femoral artery to ensure a sufficient concentration in the 
_ uterine vessels, The responses to hypogastric stimulation and to adrenaline 
and noradrenaline were abolished by dibenamine, but there was never any 
indication of inhibition when the motor effects had been thus masked. 

The responses of cervix and cornu to hypogastric stimulation were not 
potentiated by previous eserinization of the animal, nor were they abolished 
by moderate doses of atropine. After large doses of atropine, which produced 
a fall in arterial blood pressure, the response to hypogastric stimulation 


7 
7 
< 


320 BRENDA M. SCHOFIELD 


“became reduced immediately after the injection. This reduction became 
greater as the atropine dose was increased from 3 to 50 mg. Fig. 5 illustrates 
the great reduction obtained immediately after the injection of 40 mg 
atropine which had caused a severe fall in arterial blood pressure below 
40 mm Hg. However, a few minutes after the injection, when the blood 


Fig. 2. Fig. 3. 

Fig. 2. Tracing showing the reaction of cervix and cornu to stimulation of the hypogastric nerve 
in the oestrous rabbit. Recording of cervical activity calibrated in 0-01 ml. volume change 
in the balloon. Time trace in minutes. 

Fig. 3. Tracing showing the reaction of cervix and cornu to intravenous adrenaline in the 
oestrous rabbit. Recording of cervical activity calibrated in 0-01 ml. volume change in the 
balloon. Time trace in minutes. 

pressure had partly recovered, the response to hypogastric stimulation was 

much greater. After such a large dose of atropine, the response to adrenaline 
became also slightly reduced but only immediately after the injection. In 
contrast, the response of the cervix and cornu to acetylcholine was abolished 
by 5 mg atropine, and potentiated by doses of eserine which left the hypo- 
gastric response unchanged (Fig. 6). 
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Fig. 4. Tracings showing the responses of cervix and cornu to stimulation of the hypogastric 
nerve and to intravenous adrenaline: (a) in the intact oestrous rabbit; (b) 30 min after 2 mg/kg 
dihydroergotamine. Recording of cervical activity calibrated in 0-01 ml. volume change in 
the balloon. Time trace in minutes. | 
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To investigate the position of the ganglion cells in relation to the hypo- 
gastric nerve, nicotine and bistrimethylammonium pentane di-iodide (com- 
pound C5) were used. Nicotine was given by slow injection, gradually 
increasing the dose from 0-1 to 10 mg until no further change in blood pressure 
was produced. In spite of the low blood pressure caused by the nicotine, the 


Fig. 5. Tracing showing the responses of the cervix and cornu to hypogastric stimulation st 
different periods of time after an injection of 40 mg atropine in the oestrous rabbit. Blood 
pressure measured in mm Hg.’ Recording of cervical activity calibrated in 0-01 ml. volume 
change in the balloon. Time trace in minutes. . | 


cervix and cornu still responded to hypogastric nerve stimulation, although 
the response was diminished (Fig. 7). This reduction, however, is probably not 
due to the ganglion blocking action of nicotine, because compound C5, when 
injected in a dose of 18 mg/kg, did not affect the response of cervix and cornu ~ 
to hypogastric nerve stimulation. | 
Stimulation of the nervus erigens was not an easy task owing to the shortness 
of the nerve and the fact that it lies deep in the pelvis. Part of the pubis was 
removed in order to facilitate the operation. The nervus erigens arises from 
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the 2nd, 3rd and 4th sacral nerves, runs up the dorsal side of the vagina and — 


divides up into a number of branches about a centimetre from its origin. 
The nervus erigens was stimulated in one parturient and twenty oestrous 
rabbits; in only four oestrous rabbits were there any positive effects on the 
uterus. In these the cervix and cornu responded by a rise in tone and an 
increase in frequency of contractions, and in each case this effect was poten- _ 
tiated by eserine and abolished by 5 mg atropine (Fig. 8, cf. Fig. 6). Eseriniza- 
tion failed to reveal any effect in those animals in which there was no response. 


Fig. 6. Tracing showing how the response of cervix and cornu to injected acetylcholine is 


potentiated by eserine and abolished by atropine in the oestrous rabbit. Recording of cervical 
activity calibrated in 0-01 ml. volume change in the balloon. Time trace in minutes. 


It may be noted in this connexion that the sensitivity of the uterus to acetyl- 
choline varies considerably from animal to animal, but it is not yet possible 
to say whether this variation corresponds to the variation in reaction of the 
uterus to stimulation of the nervus erigens. To verify that the nervus erigens 
was in fact being stimulated, recordings of rectal activity were made. Rectal 
movements were markedly augmented by stimulation of the nervus erigens, 
although in most cases there was no effect on the uterus. In nearly all the 
twenty-one experiments vigorous defaecation occurred—a phenomenon seldom 
seen in other experiments. 

In one rabbit in which increased uterine activity occurred during stimulation 
of the nervus erigens there was no change in this response after cutting the 
hypogastric nerve, clamping the inferior vena cava and aorta below the 
suprarenals, or cutting the nervus erigens central to the point of stimulation. 

21—2 
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In other experiments the absence of response to stimulation was noted both 
before and after cutting the hypogastric nerve. To investigate whether 
sympathetic denervation might sensitize the uterus to parasympathetic 
stimulation, the inferior mesenteric ganglia were removed in two rabbits. 
A month later recordings were made, and in both cases the cervix and cornu 
were unaffected by stimulation of the nervus erigens. However, this can 
hardly be regarded as conclusive in view of the small proportion of positive 
results among the unoperated animals. 


61000 pressure 
80mm 


60 


ornu. 


 Hypogastric 


stimulation 


(a) 
Fig. 7. Tracings showing the level of blood pressure and the responses of cervix and cornu to 
stimulation of the hypogastric nerve: (a) in the normal oestrous rabbit; (b) after nicotinization 
of the animal. Blood pressure measured in mm Hg. Recording of cervical activity calibrated 
in 0-01 ml. volume change in the balloon. Time trace in minutes. | 


Because of the large number of negative results it was decided to stimulate 
the spinal cord directly, with a view to avoiding any possible damage to the 
nervus erigens. Pin electrodes were inserted between. the 7th lumbar and 1st 
sacral vertebrae without exposing the spinal cord. This method was tried in 
one experiment in which the uterus had responded by increased activity to 
stimulation of the nervus erigens. Stimulation of the spinal cord had similar 
effects, indicating that the method of stimulation was satisfactory. In five 
rabbits the spinal cord, but not the nervus erigens, was stimulated : the spinal 
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cord was left intact in one, and cut between the 4th and 5th lumbar vertebrae 
in the other four. In all these five experiments electrical stimulation of the 
cord was without effect on either the cervix or cornu, in spite of the fact that 
there were movements of the leg muscles and increased rectal activity with 
vigorous defaecation. 


atropine 


Fig. 8. Tracing showing how the response of the cervix and cornu to stimulation of the 

nervus erigens is potentiated by eserine and abolished by atropine in the oestrous rabbit. 

_, §.N.B.=stimulation of the nervus erigens. Recording of cervical activity calibrated in 
0-01 ml. volume change in the balloon. Time trace in minutes. 


| DISCUSSION 

In the rabbit the hypogastric nerve carries fibres which are excitor to the 
cervix and cornu, although a period of inhibition may follow that of excitation. 
In former times this would have raised the’ question of the presence of two 
kinds of fibres, excitor and inhibitor, in the hypogastric nerve. The chemical 
transmission theory has changed our approach to this problem; nowadays we 
ask what are the transmitter substances released by nerve stimulation and 
can they imitate the observed nerve effects? In the case of the hypogastric 
herve the answer is clear-cut. 
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The responses of the cervix and cornu to adrenaline and notadrenaline were 
found to resemble closely the responses to hypogastric nerve stimulation, and 
this can be fully explained on the assumption that the hypogastric nerve 
contains adrenergic fibres, particularly since both noradrenaline and adrenaline 
have been detected in the blood leaving the uterus during nerve stimulation. 
We may conclude from the evidence, therefore, that in the rabbit the hypo- 
gastric fibres are adrenergic and that adrenaline and noradrenaline, whether 
injected or released at the nerve endings, have a motor effect on the uterus. 
The inhibitor phase following the excitor response is probably due to intense 
vaso-constriction (Mann, 1950) and consequent anoxia of the musculature, 
rather than to a specific effect of adrenaline or noradrenaline on the muscle 
fibres. 

These results naturally would not exclude the presence of additional 
cholinergic fibres, particularly since acetylcholine can also produce excitation 
of the uterus and cervix. However, the following results which were obtained 
suggest that in rabbits all fibres in the hypogastric supplying the uterine 
muscle are adrenergic. The sympatholytic drugs like dihydroergotamine and 
dibenamine abolished the effects of hypogastric nerve stimulation as well as 
of adrenaline and of noradrenaline. The fact that cocaine did not augment the 
response to hypogastric stimulation is no evidence for a cholinergic nature of 
the fibres ‘in the hypogastric. nerve, as was suggested by Labate, since the 
adrenaline and noradrenaline responses were similarly unaffected. Further- 
more, eserine did not potentiate the effect of hypogastric nerve stimulation, 
and atropine, in doses sufficient to abolish the effects of acetylcholine on the 
uterus and of parasympathetic nerve effects in general, had no influence on 
the hypogastric response. 

The effect observed with large doses of atropine was interesting and may 
explain the different results obtained by various authors, since large doses 
reduce the hypogastric response immediately after the injection, but not 
a few minutes later when the atropine is still active. It is possible that those 
workers who obtained an effect with large doses of atropine did so because 
they stimulated early,after the injection, whereas those who failed stimulated 
a few minutes later. This early effect of atropine may either be the result of 
the immediate severe fall of arterial blood pressure which occurs at this time, 
or be due to an unspecific depressant effect which large doses of atropine are 
known to exert on smooth muscles in general. 7 : 

From the fact that large doses of nicotine depress the response to hypo- 
gastric nerve stimulation, it had previously been concluded that some of the 
ganglia in the hypogastric pathway were located in the wall of the uterus. The 
depressant effect of large doses of nicotine has been confirmed, but the more 
specific ganglion blocking agent, C5, did not produce any reduction in hypo- 
gastric response. The conclusion to be drawn is, therefore, that there are no 
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ganglia of the hypogastric nerves in the muscle wall of the uterus, and that the 
reduction observed after large doses of nicotine résults probably from the fact 
that this drug, when given in large doses, not only blocks autonomic ganglia 
but also depresses the reactivity of smooth muscle (Emmelin & Feldberg, 
1947; Feldberg, 1951). 


A parasympathetic nerve supply to the uterus through the nervus erigens 


has been shown in only about a quarter of the animals examined. There is no 


doubt that stimulation of the nervus erigens was carried out effectively in 
each case, since the rectum responded to the stimulation. The negative results 
obtained from the uterus during stimulation of the spinal cord confirm this. 
In each case the nerve was traced back to the spinal cord to make certain of 
its identity. Where a positive reaction was elicited, the nerves concerned appear 


to be cholinergic, since the responses were potentiated by eserine and abolished 


by atropine. It seems also that the reaction of the uterus is a direct and not 
a reflex or hormonal effect, since it does not depend either on a functional 
sympathetic innervation from the hypogastric nerve or on intact adrenal 
glands. 

It is difficult, therefore, to explain why the cervix and cornu respond to 
stimulation of the nervus erigens in some animals but not in others, and no 
clues are suggested by the results so far obtained. 

In considering the role of the uterine nerves it must be remembered that 
the uterus can apparently function in the absence of its nerve supply. All the 


‘evidence suggests that the nerve supply plays only a very minor role in the 


control of uterine movements. If the function of the nerves was in any way to 
co-ordinate muscular activity, then one would expect adrenergic and cholinergic 
fibres to have opposing effects. No such reciprocal relation can be demonstrated 
in the rabbit, and both sets of fibres are excitor to the cervix and cornu. 

One might speculate that the function of the uterine nerves is primarily to 
control the blood supply, and possibly also the glandular secretions of the 
cervix and cornu. Any response which is manifest on the muscle fibres might 
be a secondary effect, particularly in the case of the nervus erigens where the 
response is inconstant. Stimulation of the hypogastric fibres produces vaso- 
constriction : it would be interesting to know whether stimulation of the nervus 
erigens produces vasodilatation. However, in the absence of experimental 
spcam tc it is not possible at present to elaborate this idea. 


SUMMARY 
1. The nerve supply to the cervix and cornu uteri through the hypogastric 
nerve and nervus erigens has been investigated in the rabbit. 
2. Stimulation of the hypogastric fibres to the cervix and cornu of the 
uterus caused excitation followed by a period of inhibition. These effects were 
imitated by adrenaline and noradrenaline and it is concluded that the fibres 
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are adrenergic. The period of inhibition is probably the result of intense vaso- 
‘constriction rather than of any specific effect of adrenaline or noradrenaline 
on the muscle fibres. 

3. No evidence was found for other additional fibres in the hypogastric 
nerve to the uterus. There was certainly no indication of the presence of 
cholinergic fibres in this nerve. 

4. The effects of hypogastric stimulation were not abolished by C5 or 
nicotine, and it is concluded that the fibres concerned are postganglionic. The 
reduction in the response after nicotine can be explained by an unspecific 
action of nicotine, probably by the depressant action it exerts in large doses 
on smooth muscle. 

5. In about a quarter of the rabbits the nervus erigens contained cholinergic 
fibres to the uterus. Electrical stimulation of these fibres had an excitor effect 
on the musculature of both cervix and cornu. 


I wish to thank Prof. G. H. Bell for his advice on the experimental work and for his criticism 
of the manuscript. I am also indebted to Prof. A. D. Hitchin for making the Perspex prism, 
cornual cannula, and mounted electrodes, and to Prof. G. L. Brown for allowing me to include 
a description of his electrodes. The oestradiol dipropionate (Ovocyclin P) was supplied by Ciba 
Ltd. The work was carried out during the tenure of a scholarship awarded by St Andrews 
University. 
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The hypothesis that the cupula-endolymph system of the semicircular canals 
of the vertebrate labyrinth may be considered to behave as a highly damped 
torsion pendulum has been the subject of previous investigations (Steinhausen, 
1931; van Egmond, Jongkees & Groen, 1943; van ania Groen & Jongkees, 
1948, 1949). 

If this hypothesis i is correct, three quantities determine the behaviour of the 
system, as is the case with every pendulum. These are: the moment of inertia 
of the swinging mass @, the restoring couplet A and the damping II. Itis not 
necessary to know all three mentioned quantities, viz. @, A, II for the pre- 
diction of the behaviour of this pendulum; it is sufficient to know two of 
their ratios, e.g. A/O, I1/@ or TI/A. | 

Among the characteristic properties of a pendulum the following two will 
be useful in the determination of the unknown ratios: 

(1) The natural frequency wo. w)=27/T (where T denotes the undamped 


period | of the pendulum); also w3=A/® sec~*. 


(2) The more or less damped movement of the pendulum on its return 


swing. 
_ There are three possibilities: 

(a) The pendulum returns, passes equilibrium and goes on to attain a 
deviation almost equal to the former one (oscillating type). 

(6) The pendulum just returns to the equilibrium position without passing 
it. In that case it is critically damped, which means that the —s is just 
sufficient to keep the pendulum from oscillating. 


* Present address: Zoology Department, University of Birmingham. 
t Referred to as ‘directional momentum’ by van Egmond é¢ al. (1949). 
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(c) The pendulum returns very slowly as if moving in treacle. It attains 
ilibrium in the end, but this takes a long time (over-critical damping). 

It appears that the cupula-endolymph system belongs to case (¢). It is over- 
itically damped (about ten times more than the critical case needs). 
The deviation from zero-position of the returning cupula as a function of 
time represents an exponential decay. The power is —A/II sec-*. The larger 
the damping II, the longer it takes the cupula to come back. For the deter- 
mination of the differential equation which describes the behaviour of such 
a pendulum it is necessary to measure the natural frequency and the rate of 
decay. If this differential equation is found to predict the reaction of a 
structure, one is entitled to say that this structure behaves like a true 
pendulum. 

van Egmond et al. (1949) carried out experiments on human subjects and 
succeeded in determining the two important ratios in man. They made use of 
the description and accurate timing of sensations by human subjects in 
response to various rotational stimuli. As was shown by the authors, their 
results are in striking agreement with the results of electrophysiological 
experiments on the nervus ampullaris of the ray (Raja clavata) in which 
Lowenstein & Sand (1940) measured the frequency of the nerve-impulse 
discharge in response to rotational stimulation. The experiments on the 
elasmobranch labyrinth did not, however, aim at the determination of the 
coefficients of the above-mentioned differential equation. | 

The experiments described in the present paper were designed to make use 
of the method of recording from the horizontal canal of the isolated labyrinth 
of the ray (Raja clavata) in order to analyse the responses to stimuli specially 
chosen to yield the desired coefficients. 


METHODS 
The method of isolation of the labyrinth and preparation of the nerve twigs for oscillographic 
recording has been fully described by Lowenstein & Sand (1940). The two types of stimulation 
used were (1) a sinusoidal oscillatory movement obtained with a torsion-swing, and (2) a sudden 
change in the velocity of turn-table rotation. 

Torgion-swing and accessories. The torsion-swing used in our experiments consisted of a brass 
platform of 30 cm diameter suspended from a f)-shaped brass strip and two parallel steel wires, 
the distance of which could be changed by means of a device incorporating left- and right-hand 
screws. In this way it was possible to vary the period of the swing between 2 and 16 sec. In the 
course of the work it appeared that this range of frequencies was not extensive enough. To obtain 
a longer period of oscillation a single steel strip was used for the suspension, whereas for very short 
periods the torsion-swing was suspended from a steel rod. Two heavy brass weights could be 
placed on horizontal bars, on opposite sides of the platform. By varying their distance from the 
axis of the swing it was possible to change the frequency by changing the moment of inertia. The 
total range of oscillation times thus obtained extended from 0-75 to 50 sec. 

The preparation, mounted on a Perspex plate, was placed on the brass platform in a special 
clamping device. As will be seen from the theoretical considerations given below, accurate 
recording of the movement of the swing was essential. For this purpose a disk was fixed to the 
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totsion-swing, parallel to and below the platform. This disk was provided with slots round the 
edge at intervals of 1-5°, The filament of a small lamp above the disk was imaged on its edge. 
When a slot was in the light beam, the light fell on a photocell. The photocell current was used, 
via a simple electronic circuit, to light a small neon tube in front of the recording camera. This 
neon tube was imaged on one edge of the photographic paper in the camera. During the move- 
ment of the swing the neon lamp produced a dotted line on the paper film. When working at very 


_ mall swing periods, smaller slots at 0-5° intervals were used. By means of the dotted line on the 
_ photographic paper the time of the turning points of the swing could be accurately measured. 
Furthermore, the number of dots between the turning points yields the amplitude A. Knowing 


the paper speed from a 50 o/s time marker trace, we could measure the time of a period, and thus 
tion. 

with a pivot bearing. The table was turned by means of a pulley and belt, driven by a motor 
through a 50:1 gear. By means of this gear the angular velocity of the turn-table could be varied 
within wide limits. The angular velocity generally used was between 10 and 60°/sec. The latter 
may be still considered a physiological velocity. 

Electrical equipment, A conventional high-gain resistance-capacity coupled amplifier with 
oscillograph, monitor speaker, and bromide film camera was used. In addition, phonograms were 
sometimes taken to record the sound picture from the monitor speaker as well as protocol data. 
Finally, a counting-rate meter was used. This is a well-known electronic instrument used in 
nuclear physics. By means of this meter continuous readings could be made of the frequency of 
the impulse-discharge. As the meter had a significant integration time for the low frequencies 


we were dealing with, rapid changes of the frequency could not be followed by this instrument. 


Tt was therefore used to follow comparatively slow changes only. 


THEORY 
The theory covering the behaviour of the semicircular canal cupula in response to the motion of 
a torsion pendulum has been treated in a previous paper (van Egmond ef al. 1949). For the sake 
of convenience a short survey of this theory may be given as follows: 
The differential equation of a torsion pendulum without the action of an external force is 


or E+ (1) 


in which ¢, £, ¢ are respectively the angular deviation, velocity, and acceleration of the endolymph 

relative to the skull; © is the moment of inertia of the endolymph; II is the moment of friction 

at unit angular velocity; A is the moment of restoring couple due to the cupula at unit angular 

displacement. All these quantities refer to the endolymph ring in relation to the centre of the 
The approximate solution of this equation is 


if, when ¢=0, é=0 and é=y. 
As the damping II of the cupula-endolymph system is very large, the second term of the part 


- Within brackets of equation (2) can very rapidly (0-1 sec) be neglected in comparison with the 


first part. 

When the endolymph is given a certain known initial angular velocity y and the endolymph 
displacement ¢ is measured as a function of time, the ratio A/II can be determined. This can be 
done experimentally on the turn-table (see below). One can plot the logarithm of the increase or 
decrease of the frequency of the nerve discharges as a function of time. If this change in frequency 
is proportional to the deviation of the cupula, the curve of log (frequency change) against time 
will be a straight line. The slope of this line is the same as that of the line: — 
cupula) against time. This slope now represents II/A. 
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The second relation between the coefficients of the differential equation (1) can be obtained by 
submitting the preparation to a harmonic oscillation by means of a torsion-swing. When the 
so-called circle-frequency of the torsion-swing is w.* the differential equation of the cupula- 
endolymph system is 

in which « is the maximal angular acceleration of the torsion-swing. When we call the maximal 
amplitude of the swing A and the time of one period 7’, then 


T=", (5) 
The solution (steady term) of (3) is 
with tan ¢= (7) 


tw») denotes the natural circle-frequency of the cupula-endolymph system, and ¢ the phase 
difference between the movement of the torsion-swing and the cupula. 
As was pointed out in the introduction : 


(8) . 


In the case of resonance w = «a, ; then tan ¢ = 00 ; ¢=90°. This means that when the frequency of 
the torsion-swing is equal to the natural frequency of the cupula-endolymph system, a phase 
difference of 90° exists between it and the swing. When the swing has its maximal deviation 
(velocity zero) the cupula is in its equilibrium position and the sensation of a human test-subject 
would be that of zero velocity (rest). When the swing is in its equilibrium position (maximal — 
velocity) the cupula has its maximal deviation, which causes the sensation of maximal velocity. 
Cupula movement and torsion-swing movement have. a phase difference of 90°. But velocity 
sensation (or cupula deflexion, or impulse response of the sense organ) and velocity of the swing 
are in phase. This is not merely a coincidence, but it is an essential feature of the cupula-endolymph 
system. Its displacement during a physiological movement is always proportional to the velocity 


of the head, i.e. the cupula has at any given instant a deflexion proportional to the angular velocity 


of the head at that instant. The cupula deflexion gives rise to a sensation of angular velocity 
which appears to correspond accurately to the objective velocity. In this way a human test- 
subject has a quantitatively correct impression of what is happening. It is thus appropriate to 
introduce the angle ¢ = 90° — 4, being the phase difference between the cupula deflexion (velocity 
sensation, or impulse response) and the velocity of the swing. 

When w 4a», ¢#90° and ¥ #0. This means that the times of maximal and zero-velocity 
respectively as recorded by a test-subject are not the same as those of the torsion-swing. Now 
the cupula-endolymph system is highly damped; II/@ is a large factor. Therefore the factor 
c/(w% ~ w*) in (7) has to be fairly small, either negative or positive, in order that ¢ may differ 
considerably from 90°. Consequently w has to be very much larger or smaller than «w, for finding 
a measurable phase difference. 

When w*> 


tan $2 —. (9) 
Therefore, when we are able to measure ¢ and w, II/@ can be calculated. 


* The frequency of a vibration (v), being the number of total vibrations per unit of time, is the 
reciprocal of the period 7’, v=1/T. The circle-frequency w is 27 times the frequency w =2nv. 
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If, on the other hand, w*<w3, 
tan (10) 


from equation (8). Again after measurement of ¢ and w, II/A can now be calculated. 

To summarize: three values of the ratios of the coefficients @, II and A can be obtained by 
measuring the deviation of the cupula as a function of time after a sudden change in angular 
velocity and by measuring the phase differences between torsion-swing and canal at frequencies 


of the torsion-swing much greater or much smaller than the natural frequency of the canal. Only 
two are needed. Thus an additional control is available. 


The maximum deviation of the cupula for a given maximal angular velocity of the torsion- 
swing is also dependent on the frequency. 


From (6) follows 

é 
mass oF) + was 

Making use of (7) one obtains after some calculation 

This unfortunately is not a sharp criterion. 


¢=90° in the case of resonance. For phase difference of, 10°, sin ¢ =0-98. 
For the highly damped cupula-endolymph system 10° phase difference is already considerable, 
and a 2% change in the ratio of £,,,, and wA is not measurable. Therefore relation (12) can hardly 
be checked by this method. . 


RESULTS 

In the majority of the sania experiments we recorded from so-called single 
fibre preparations which are characterized by the appearance on the record of 
single impulses at certain frequencies, each spike potential being probably 
derived either from a single sensory cell or from a group of synchronously firing 
end-organs. The majority of such functional units are found to show a resting 
discharge in the absence of rotary stimulation. The frequency of this resting 
discharge will be referred to as the basic rate. It appears that the basic rate is 
remarkably constant for a sensory unit. Measurements of its fluctuation 
yielded a deviation of only about 4% from the average frequency. The mode 
of response from a semicircular canal is by now well known and consists, in the 
horizontal canal, of an increase of the discharge frequency in response to 
ipsilateral angular acceleration and a corresponding decrease on contralateral 
acceleration. The response from any given sensory unit is proportional to the 
magnitude of the stimulus. There is good reason to assume that there is no 
‘threshold’ for such a response, representing, as it does, an upward or down- 
ward modulation of an already existing discharge activity (cf. de Vries, 1949). 
Of course, there must exist a threshold for sensation. The fact of the basic 
rate obviously sets a lower limit to the minimum perceptible angular accelera- 
tion. But even when we know the average fluctuation and-derive the minimum 
perceptible angular acceleration from reflex tests or from tests with human 
subjects, we still do not know how many sense endings have to co-operate to 
evoke a sensation, and in what manner the central nervous system — 
the afferent signals. | 
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Generally we found a different sensitivity of the sensory units for ipsilateral 
and contralateral angular acceleration. This difference was pronounced on 
stronger stimulation, and varied very much in different preparations. The 
reason for this differential sensitivity is obvious. The diminution in the impulse 
discharge on contralateral (inhibitory) acceleration cannot amount to more 
than the abolition of the basic rate, whereas there is much greater scope for 
an increase in the discharge frequency of ipsilateral (stimulatory) acceleration. 
_ This inequality between the responses to equal but opposite stimuli impairs 
the reliability of results under certain conditions. We therefore based our 
conclusions exclusively on the results gained from sense endings showing equal 
sensitivity over a considerable range both to ipsilateral and contralateral 
acceleration. 

Experiments with the torsion-swing 

Before recording the impulse response, the swing was kept in motion for 
some minutes to give the cupula in the semicircular canal the opportunity to 
acquire an induced periodic motion. The response to more than one complete 
swing was recorded even when oscillation periods of long duration were 
employed. The majority of responses recorded in this way were derived from 
single nerve fibre preparations. In this case two different ways of measuring 
the impulse frequency were used. When the period of the torsion-swing was 
short (e.g. 1 sec) we measured the distances between adjacent spike potentials 
on the photographic record. The frequency of the spikes was then calculated 
by taking the ratio of the film speed (in cm/sec) to the distance between the 
spikes (in cm). This procedure was necessary in the case of short torsion-swing 
periods because of the small number of spikes per period. When, on the other 
hand, the period was long (15-40 sec) we counted the number of spikes within 


constant time intervals (e.g. half a second or a second). Only rarely the records _ 


were derived from a massive discharge. In this case we always counted the 
- number of spikes above an arbitrarily chosen amplitude. Such readings were 
not as accurate as those obtained from single fibre preparations. 

The impulse frequencies so obtained were plotted as a function of time which 
was determined very accurately by means of the 50 c/s time marker on the 
record. The turning points of the swing were accurately determined by the 
photoelectric action signal. 

The basic rate was always méasured by making a record of the response 


before and/or after stimulation. The points.of intersection between the sine- _ 


curve plotting frequency against time and the horizontal line drawn at the 
level of the basic rate indicate when the cupula was in its equilibrium position. 
The difference in time between these and the turning points of the swing 
represents the phase difference. This measured phase difference is not closely 
dependent on the value of the basic rate used, because the average of the phase 
differences was always measured at leading and trailing edges of the sine-curve. 
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Fig. 1 shows an example of the nerve impulse frequency plotted against time 
for a sinusoidal movement of the preparation. The phase differences are clearly 
visible. 
Table 1 gives the results of a number of measurements and the calculated 
values of I1/A and II/®. Not all measurements listed in this table have been 


used for the computation of A/Q. Some results were not reliable, as the plot. 


of impulse frequency against time, which ought to be a sine-curve, showed 
distortion; in others the phase differences were too small to sie accurate 
results. | 
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Fig. 1. The frequency of nerve impulses as a function of time during a sinusoidal movement. 
T =18-4 sec; w=2n/T =0-34 sec™!; A = 54°; wA =18-5°/sec. Total response = 9-2 impulses/sec; 
sensitivity =0-50 impulses/degree; phase lead = 13-5+ 2°. The turning points of the torsion 
swing are marked by the broken vertical lines. 


For T'>2/w , the cupula leads in respect to the torsion-swing, while for 
T <2%/w,, the cupula lags. 


According to equation (7) 


—w*® 
tan y=tan (90° ~4)=cot 
When or w<wy, 
AT 
When 
= (14) 


In Fig. 2 the phase differences ¢ have been plotted against the logarithm of 
the time of the period of the swing (7). It will be seen that the differences 
_ between the semicircular canals in various preparations are not large. The two 
branches of the curve for a cupula-leading or cupula-lagging phase difference 
against swing period have an asymptote. The slope of the asymptote 
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1A 10 
4 — it is The follo values can thus be 
arrived 
II II A ; ‘ 
22 sec; = 36 sec-!; thus 7 164 sec ; hence w)=1-3 sec-!. 
TABLE | 
Basic rate Sensitivity Single unit (s) | 
impulses/ impulees/ WA 
Ray T sec sec sec massive (m) 
2 2-1 34 0-33 Lag 6° — — 8 
3-9 32 0-33 Lag 3°-6 
3-9 31-5 0-33 0 
71 31 0-35 0 — _ 8 
3 8-0 55 0-67 0 —_ _ Two units 
21 + 12 Lag 9° a an m distorted 
2-1 43 Lag 5° m distorted | 
2-1 43 Lag 8°-5 ~ m distorted 
-0-75 
4 22-0 23 0-25 Lead 6°-5 31 — 4 
0-25 Lag 2%5 
2-2 22 +0-2 0 8 distorted 
-0-14 
5 0-86 100 1-7 Lag 12° sith ‘34 m 
17-5 80 2-0 Lead 2°-5 64 — m 
6 17-6 31 0-28 Lead 7° 23 — 8 
2-1 6-1 Lead 32° 8 distorted 
2-1 8-0 Lead 5° 8 distorted 
2-1 6-1 Lead 27° 8 distorted 
2:1 1-5 +0-10 Lag 2°-5 
-0-10 
6-8 6-7 peck Lead 18° — — 8 distorted 
6:8 Lead 3°-5 8 distorted 
9 0-76 21 Bee Lag 14°-4 — 32 8 
0-76 6 Lead 24° 8 distorted 
0-76 20 +  Lag.13° 34 
0-76 6 Lead 20° 8 distorted 
0-76 20 0-25 Lag 15° 31 
44 20 1-2 Lead 18° 21 ~ 8 2 
13-6 7 0-59 Lead 12° 10 — 8 distorted 
ll 0-76 25 9° 
29-1 27 12° 21 
18-4 21:3 + Lead 13°-5 12 _— 8 
0-50 
191 20-5 +043 Lead 11°6 15 8 
+ means ‘at stimulation’; - means/‘at inhibition’. Both are given separately when they 
are unequal, — 
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Experiments with the turn-table 

On the turn-table the preparation was given a constant angular velocity 

during a time large enough for the cupula to reach its equilibrium position. 

After that the rotation was suddenly stopped, the largest deceleration thus 

applied being from a velocity of 72°/sec to rest. In such a case the sudden* 

cessation of a constant speed rotation will rapidly deflect the cupula from its 

resting position. Whether this deflexion will lead to an increase or decrease of 

the impulse discharge depends on the direction of rotation prior to deceleration. 


3 
je 


Fig. 2. Phase difference (y) of the impulse frequency (deviation of the cupula) in relation to the 
sinusoidal stimulus as a function of the logarithm of the ‘swing’ time (7). 


_ Inthe case of the left horizontal semicircular canal sudden arrest of prolonged 
clockwise rotation at constant speed will result in an increase, and arrest of 
a similar counter-clockwise rotation will be followed by a decrease in discharge 
frequency. During the ensuing state of rest the discharge frequency will 
return towards the basic level, the time taken over this return (decay) 
depending on the various factors discussed under Theory (p. 331). 

The frequency of the impulse response before and after the stimulus was 
usually measured by means of the counting-rate-meter. Sometimes, however, 


for the sake of greater accuracy, the changes of the impulse discharge were 


recorded on film. Owing to the relatively long ‘decay’ times involved, 


* The change in velocity is called ‘sudden’ when the time during which the total change takes 
place is short with respect to the natural period of the cupula, the latter being of the order of 
5 sec. 
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continuous recording on bromide film was impracticable and therefore only 
2 out of every 10 sec were recorded. The number of impulses per second was 
computed and the logarithm of the difference from the basic rate was plotted 
against time. The resulting curve was called a decay curve. In these experi- 
“ments the accurate assessment of the basic rate is very important. The basic 
discharge was therefore recorded not only before, but also after the experiment. 

Fig. 3 shows an example of a decay curve. In general, the decay curves 
were satisfactorily straight when we restricted ourselves to such sensory units 


as showed good proportionality between response and stimulus. The slope of 


such a curve yields II/A. 
30 — 


100 sec 

Fig. 3. A ‘decay curve’, i.e. the logarithm of the change (increase or decrease) of the impulse 
frequency plotted against time after a sudden change in velocity (y). Data calculated from 
a single unit record. y=36°/sec. Sensitivity: 0-31 impulses/degree for stimulation (+), 
0-36 impulses/degree for inhibition ( - ). 


| Theoretical calculation of 

The value of II/@ of tlie cupula-endolymph system of human beings was 
calculated by van Egmond e¢ al. (1949). They showed that 

II 


in which 7 is the viscosity of the endolymph, o the density (mass per unit of 


volume) and r the radius of the cross-section of the semicircular canal. 
We made one measurement of the inner diameter of the cross-section of 
a horizontal canal of a ray and found it to be 0-68 mm. Substituting for 
7 = 9-010 c.g.s. units, and for o=1-0 g/cm? in equation (15), 
Il _ 4x0-01 
1x0-034? 
As the shape of the semicircular canal is not as simple as is assumed in the 


calculation and as the value of the viscosity is uncertain, it was v ifyi 
; ery gratifying 
to find this value of the right order of magnitude (see p. 336). 
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Some general considerations 

Before discussing the significance of these results we shall édiahtie some 

peculiaritiés of the response of the neuromast end-organs in more detail, as 
they appear to be of importance for the proper evaluation of our findings. 
_ Most of the sensory units have a basic discharge. There are, however, some 
_ that show no such resting activity and yet respond to an ipsilateral stimulus 
of sufficient magnitude. At the other extreme end of the range there are 
sensory units with a lively basic discharge which cannot be increased by 
ipsilateral, but only reduced by contralateral acceleration. Such end-organs 
constitute a type of receptor sensitive to one direction of rotation only; and 
_ they are definitely in the minority. Lastly, there are a considerable number of 


= 


Fig. 4. Characteristic curve of a triode valve illustrating the behaviour of the sensory 
units. Explanation in text. 

organs (see p. 334) which show a difference in sensitivity to the two opposite 
stimuli, i.e. whose response is not uniformly proportional to the strength of 
the stimulus. It would be possible to make a fairly accurate census of the 
distribution of these functional types of organs in the crista, but this has not 
been attempted. However, in this connexion, a comparison of the behaviour 
of the sense endings with that of a triode electronic valve quite obviously 
suggests itself. The well-known characteristic curve of such a triode valve is 
shown in Fig. 4. In the absence of a signal the grid-bias voltage determines the 
anode current. Any signal voltage applied to the grid produces either an 
increase or a decrease in the anode current. For our purposes we can compare 
the anode current with the frequency of the nerve discharge; the magnitude 
of the basic rate is then determined by a ‘bias’. The ‘bias’ can be so large that 
the sense organ is in the ‘cut off’ position (V, in Fig. 4). In that case there is 
no basic discharge and only a stimulus which reduces the negative bias can 
_ Give rise to a response. On the other hand, a sense organ can be biased in such 
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a way that the ‘working point’ is in the horizontal upper part of the curve 
(V, in Fig. 4). In this case there is a considerable spontaneous activity (corre- 
sponding to the anode current in our metaphor) and this can only be de- 
creased by an appropriate stimulus which reduces the positive bias. As pointed 
out, these two types of sense organs have actually been found. They can be 
said to have a clear threshold. Of course, this analogy does not explain the 
mode of action of our sense organ. But we should like to emphasize that by 
using this metaphor one can consider the different types of sense organs found, 
from one and the same point of view. From our experiments it is thus possible 
to calculate the ‘characteristic curve’ of a particular sense organ. To use this 
terminology, we would say that we found that, for the purpose of our investiga- 
tion, only such sense organs are suitable as have a reasonably linear part in 
their ‘characteristic curve’ and whose ‘working point’ is situated in this linear 
part. 


imp./sec imp./sec 
30 
25 
20 — 
is 


OTE 
for 


Fig. 5. Impulse frequency plotted against time, derived from two sensory units in one and the 
same preparation, recorded simultaneously during sinusoidal stimulation. I: distorted sine- 
curve, leading phase + 24°; IT: less distorted sine-curve, lagging phase - 13°; III: pure sine- 
curve for comparison, in phase 0°. 7'=0-76 sec, wA =18°/sec. The turning points of the 

torsion-swing are marked by broken vertical lines. 
This comparison has, of course, its limits. The properties of the response of 

a@ sense organ are much more complicated. They can only be described in first 

approximation by such a characteristic curve. As is well known the response 

from a sense organ at a particular moment is not only a function of the 
stimulus at that moment, but also of the preceding stimuli. There is a kind of 

“hysteresis ’. The ‘post inhibitory rebound’ and the ‘ post excitatory inhibition’, 

the so-called ‘silent period’, have often been described. In our experiments 

similar phenomena were observed. 


The response of the sense organ to a sinusoidal movement (applied by the | 


torsion-swing) gave sometimes a clearly distorted sine-curve. In Fig. 5 the 
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frequency of the response of two units of one preparation is shown. One unit 
(curve I) gives a much distorted sine-curve and there was a phase lead while 
a lag was expected on first principles. The response of the second unit (curve IT) 
is less distorted; it is much nearer to the true sine (curve III), which is also 
given for comparison. The phase is in fact lagging. The kind of distortion 
demonstrated by curve I in Fig. 5 could be explained by some of the last 
mentioned physiological peculiarities of the sense organ. 
The relrability of the turn-table method 
Using a three-unit preparation, we tested to what extent the cupula-crista 
system is liable to be damaged by strong stimulation. In Fig. 6, the 
response in impulses/sec is plotted against stimulus (‘impulse’). The 
200 


150 


Imp./sec 
| 8 


~200 —100 0 +100 +200 +300 


against mechanical ‘impulse’. 


‘triode’ shape is clearly visible. The linear part is +40°/sec wide on either 
side of zero-stimulation (80 imp./sec). As it happened, this preparation was 
very resistant to over-stimulation. Even after a stimulus of 250°/sec on the 
turn-table, ipsi- and contralateral, its behaviour was not appreciably altered. 
In Table 2, the stimuli (in degrees/sec), the slopes of the decay curves (in 
seconds) and the sensitivities (in impulses/degree) are given, both for stimula- 
tion and for inhibition. 

The first. stimulus of 36°/sec was repeated after a very strong ‘impulse’ of 
252°/sec and the data are given at the bottom of the table. The slope did not 
alter much; it is comparable to the average of the 36°/sec and the 48°/sec 
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before the 252°/sec stimulus. The sensitivities to the inhibitory and the 
excitatory stimulus, i.e. 1-11 imp./degree are not very different from the 
initial value. From these data one would perhaps draw the conclusion that 
the cupula-crista system is not very vulnerable. However, most of our 
records show that secondary phenomena can, in fact, appear after — 
slight stimulation. 


TaBLE 2 


Sensitivity 
II/A in sec (impulsee/degree) 
(degrees/sec) Inhibition Stimulation Inhibition Stimulation 
36 26 22 0-62 «+434 
48 37 32 77 1-00 
60 23 36 0-83 0-71 
70 37 27 0-71 0-71 
144 40 33 0-50 0-48 
252 * 32 0-33 0-22 
36 31 25 


* Total inhibition of too long a duration. 


Secondary after-sensation 

During experiments on human subjects on the turning chair, a seaaiied 
secondary after-sensation (the ‘post-post’ of the clinicians) is sometimes 
observed. The human subject is placed on a turning chair and is submitted to 

rotation with a constant angular velocity. When the subject has no sensation 

of turning he is suddenly stopped. The subject has then the sensation of 
turning in a direction opposite to the direction of the initial rotation. This is 
called the after-sensation: Now, sometimes after the dying down of this 
sensation, the human observer reports an additional sensation, viz. of turning 
in the direction identical with the original direction of the mechanical rotation. 
This is the so-called secondary after-sensation. This phenomenon occurs 
especially after strong stimuli. We were able to observe a corresponding 
phenomenon after strong turn-table stimulation of the labyrinth preparation. 
During the ‘decay’, the frequency decreased in such a case, not only to the 
basic rate (return of cupula to resting position) but beyond it, after this 
gradually rising again to the value of the basic rate. This effect probably 
corresponds to the secondary after-sensation in human subjects. 

A possible explanation is that the cupula, which is not only deflected but 
also deformed by the strong stimulus, returns slowly in its deformed state to 
the equilibrium position. After having reached this equilibrium the deforma- 
tion is corrected. It is this restoration of the original shape of the cupula which 
may be responsible for the secondary after-sensation. 


DISCUSSION 
The agreement between the results obtained by the experiments on the 
torsion-swing and turn-table with the theoretical calculated values is fairly 
good. An analysis of the possible errors will show that it is even better than 
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it appears at first sight. There are some sources of systematic error which must 
be considered. We have mentioned the possibility of hysteresis of the sense 
organ and we have rejected all those experiments in which this effect was 
_ clearly apparent. But we must not forget that the phase differences obtained 
on the torsion-swing are rather small and that the distortion of the sine re- 
sponse due to hysteresis can affect the measured phase differences considerably. 
This will be clear from Fig. 5. Therefore it is possible that in most experi- 
ments hysteresis tends to enhance the leading phases and diminish the lagging 
ones. Consequently, according to equations 13 and 14, too small a value for 
the I1/A and too large a II/ will result from the recorded responses. 

The same phenomenon affects the results of the turn-table tests. However, 

its influence will be almost limited to the frequencies measured shortly after 
the cupula has reached its maximum deviation. We did not pay much attention 
to these particular frequencies in the determination of the slope and, therefore, 
it is not likely that this effect has had a serious influence on our results. But 
here a possible alinearity may be of great importance. As the majority of the 
sense organs appear to have their ‘working point’ in the lower part of their 
characteristic curve (‘bias’ in the neighbourhood of V, in Fig. 4), the alinearity 
tends to make the slope (A/II) of the decay curve, after an inhibitory stimulus, 
smaller than would have been the case with perfect proportionality. Thus the 
II/A value of these inhibition decay curves may be somewhat too large. The 
influence of alinearity on the slope of the decay curve after an excitatory 
stimulus would be in the opposite direction, but is in general much smaller. 
This is in full agreement with our results, as can be seen from Table 3. 
_ The results of the measurements from three preparations may be discussed 
in more detail, because those measurements were the most complete. When the 
average results are listed, weighted according to the probable systematic error, 
we obtain the figures given in Table 4. 

The agreement between the results in rays nos. 5 and 9 is very good indeed. 
No. 11 gives less consistent results. However, in this case, the sine curves of 
impulse frequency against time were slightly distorted. The leading phase 
differences may therefore be too large, the lagging ones too small. This makes 
for a correction in the right direction. The average value of A/@ for these three 
preparations is about unity. 

Yet another phenomenon has to be considered. The II/A determined by the 
turning test and measured by means of the counting-rate-meter gives a 
smaller value than the one measured by photographic record. In the latter 
the spikes from one single unit are counted, while the rate-meter counts the 
spikes of all fibres which make good enough electrical contact with the 
electrode. Now, we have pointed out that sometimes sense organs have been 
found which work as uni-directional units (see p. 339) ‘biased’ at V, or V, of 
Fig. 4. When such fibres are present in the strand which makes contact with 
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Measured by 
II/A in sec counting-rate- 
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TABLE 4 
Turn-table IT/A in sec Torsion-swing 
Ray Inhibition Stimulation in sec T1/@in sect a in 
9 


59 60. 64 34 0-73 

24 19 21 

30* ' 28° 19 
48st 43t 


* Measured by counting-rate-meter. 
1 Measured by record. 


é 
‘ 
gj 
> 
4 
= 


SEMICIRCULAR CANAL OF RAY 345 


the electrode the counting-rate-meter will measure a decay which is more 
rapid than the decay shown by one single unit. It is not certain that this has 
happened. But whatever the explanation, the difference between results 
obtained by counting-rate-meter and by single unit record may be very 
important, as the sensation of an animal is likely to correspond to the over-all 
reading of the rate meter rather than to the afferent impulse stream of a single 
sensory unit. The experiments with human beings make it, in fact, very likely 
that the I1/A measured by the sensation is smaller than the true value of the 
II/A of the canal. 

The results obtained with ray no. 4 (Table 3) show disagreement not only 
between the values obtained on turn-table and torsion-swing, but also on 
repetition of the same reading. The explanation here may be that, owing to 
experimental difficulties, the preparation was 3 hr old before we started the 
measurements. As delay does not as a rule produce such effects, it is safer to 
say that we can assign no cause for the unreliability of this preparation. 

After consideration of the various sources of error, it can be stated with 
confidence that the ‘pendulum theory’ of the cupula-endolymph system is 
fully confirmed by our experiments. There is no reason to assume that the 
system is more complicated. For the average ray’s labyrinth the differential — 
equation which describes the behaviour of this system will be about 


£+35£+£=0. 


SUMMARY 

1. The mechanical properties of the cupula-endolymph system were sub- 
jected to experimental tests by means of the oscillographic method of recording 
from the nerve supplying the horizontal semicircular canal of the isolated 
labyrinth of the ray (Raja clavata). 

2. Tests on torsion-swing and turn-table furnished conclusive evidence that 
the cupula-endolymph system behaves like a true pendulum. 

3. On the basis of the measurements made, the quotients: 


TI moment of friction at unit angular velocity 
A cupula restoring couple at unit angle 
II_ moment of friction at unit angular velocity 


and 


@ moment of inertia of endolymph 
were computed and the latter value compared with a theoretical value deduced 
from the dimensions of the system. The values were found to be in fairly good 
agreement. 

4. A differential equation describing the behaviour of this system in an 
‘average’ labyrinth is suggested thus: 
&+35£+£=0. 
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5. During the tests, sense organs deviating from the expected mode of 
behaviour were encountered, but a simple physical model (the characteristic 
curve of an electronic valve) renders possible a unified description of all 
behaviour types of semicircular canal organs. | 

6. Questions relating to the vulnerability of the cupula-crista system to 
excessive stimulation, and to the so-called secondary after-sensation in man, 
are discussed on the basis of the experimental results. 


The work was carried out at the Laboratory of the Marine Biological Association at Plymouth 
with the aid of a Royal Society grant from the Parliamentary Grant-in-aid of Scientific Investiga- _ 
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THE BLOOD SUPPLY OF THE CAROTID BODY IN CATS, 
DOGS AND RABBITS 


By D. CHUNGCHAROEN, M. pz BURGH DALY ann A. SCHWEITZER 
From the Department of Physiology, University College, London } 


(Received 12 December 1951) 


In spite of a considerable literature dealing with the reflex effects of stimulation 
of the chemoreceptors of the carotid body, our information about the arterial 
blood supply and the venous drainage of that area is surprisingly inadequate. 

Schaper (1892), in his studies of the histology of the ‘glandula carotica’, 


could not detect any definite pattern in the blood supply of the carotid body. 


In man, he observed regularly a small artery arising from the carotid bifurca- 
tion or ‘slightly higher’, whereas in the calf, sheep, cat and rabbit several 
arteries originating from neighbouring vessels were seen to enter the carotid 
body. Occasionally, a larger artery from the carotid bifurcation proceeded 
towards the carotid body in the rabbit and cat. The vessels entered the hilum 
of the carotid body and eventually formed a capillary network. Drainage 


took place by way of a venous plexus and larger collecting veins. Goormaghtigh © 


& Pannier (1939) stated that the carotid body of the cat was supplied by three 
or four arteries arising from the region of the carotid bifurcation. According 
to Davis & Story (1943), the carotid body of the cat lies at the base of the 
ascending pharyngeal artery and receives its blood supply from a branch of 
the vessel from which the occipital and pharyngeal arteries arise. The blood 
from the carotid body comes from capillary bundles, enters a number of freely 
anastomosing veins which form a plexus surrounding the surface of the 
carotid body, and eventually reaches larger veins in the neck (Schaper, 1892; 
Sunder-Plassmann, 1930). 


In the dog, Winder (1933) found the blood cial of the carotid body © 


‘distressingly variable and involving many fine vessels’. A few dissections 
disclosed small arteries running through the carotid body region from the 
occipital artery and sending branches into muscles which were also richly 
supplied by the vertebral artery ; neither a detailed description nor illustrations 
_ Were given. Comroe & Schmidt (1938) stated that the carotid body of the dog 
received its blood supply from a small artery arising from the proximal part 
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of the occipital or the external carotid arteries. This small artery often con- 
tinued to supply other tissues in the neck, anastomosing freely with branches 
of the pharyngeal and vertebral arteries. They believed that the artery served 
both as afferent and efferent vessels to the carotid body, because Addison & 
Comiroe (1937) had seen that the artery supplying the carotid body lost most 
of its muscular coat and assumed a ‘vein-like’ appearance near the carotid 
body attachment. They did not observe any venous channels leading from the 
carotid body. | 

The techniques used for the study of chemoreceptor function of the carotid 
body frequently consist of attempts to isolate the area from the rest of the 
organism and subject the carotid body to perfusion. It is obvious that — 
the success of these procedures ultimately depends on precise knowledge of 
the vascular arrangements of the carotid body region. 

We have accordingly inv@migated the arterial blood supply and the venous 
drainage of the carotid. body in those species commonly used in the study of 
chemoreceptor function: the cat, dog and rabbit. : | 


METHODS 


Dogs were anaesthetized with chloralose (0-09-0-1 g/kg body weight, intravenously) or sodium 
pentobarbitone (nembutal) (40 mg/kg, intraperitoneally) and cats with chloralose (0-08 g/kg, 
_ intravenously) after induction with ether. Rabbits received urethane intravenously (1-5 g/kg). 

Hycar latex injections. The arterial systems of the animals were injected with hycar latex 
(British Geon Ltd.). The method used has been described in a previous publication (Chungcharoen, 
Daly, Neil & Schweitzer, 1952) and is based on the technique employed by Trueta, Barclay, 
Daniel, Franklin & Prichard (1947) for neoprene latex injections, but modified according to 
Andrews, Maegraith & Wenyon (1949). The latex was injected at pressures varying from 150 to 
220 mm Hg. The preparations were fixed in 10% formol-saline for 7 days before dissection. 

Indian ink injections. Indian ink (‘Kandahar’, George Rowney and Co. Ltd.), to which was 
added thrombin (Sharpe & Dohme) (100 units/20 ml. indian ink), was injected into the common 
carotid arteries well below the bifurcation of the common carotid at a pressure of 120 mm Hg. 
Occasionally, one common carotid was injected at that pressure, while 200 mm Hg pressure was 
used for the subsequent injection of the opposite common carotid artery. After ligaturing the 
arteries above the point of cannulation and removal of the cannulae, the preparations were fixed 
in 10% formol-saline for 7 days before dissection. 

When indian ink was injected through the common carotid arteries at a pressure of 120 mm Hg, 
it was found that it passed through the carotid body into the venous plexus surrounding it. This 
did not occur with hycar latex, unless the injection pressure was greater than 200 mm Hg (circa). 
This difference is probably due to the greater viscosity of the latex. However, this method of 
demonstrating the venous drainage of the carotid body was found to be better than injecting the 
material through the venous side of the circulation. The presence of valves in the veins makes it 
impossible to inject the carotid sinus region through a cannula inserted into the right auricle, and 
_ attempts made to inject the latex through the longitudinal venous sinus of the cat were not 
entirely satisfactory. 

Particular care was taken to avoid any operative interference with the structures of the neck 
at the level of the common carotid bifurcation. All dissections were made with the aid of a dis- 
secting microscope (magnification up to 50 times). Scale drawings were made at each stage of the 
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RESULTS 
Carotid body blood supply in the ca: 

In seven out of eight specimens the carotid bodies were situated on the 
common trunk from which the occipital and ascending pharyngeal arteries 
originated; they were placed either close to the external carotid or the 
ascending pharyngeal artery (Fig. 1). In the remaining animal the carotid 
body of the right side was found on the proximal portion of the occipital 
artery, while on the left side it was attached to the occipito-ascending 
pharyngeal trunk. 


Imm 


Fig. 1. Ventro-medial view of the left carotid of a cat injected with latex. The carotid body is 
situated on the occipito-ascending pharyngeal trunk, close to the external carotid. Two small 
arteries from the occipito-pharyngeal trunk enter the carotid body. In this and subsequent 
figures: C.C.=common carotid artery, J.C. =internal carotid artery; H.C. =external carotid 
artery; O.=occipital artery; A.P.=ascending pharyngeal artery; M.=muscular branch. 
I,J. =internal jugular vein; 7'.P.P.=transverse posterior pharyngeal vein; P.P.= posterior 
pharyngeal vein; L.V.=laryngeal vein. 7 

The carotid bodies were supplied by two branches coming from the artery 
to which they were attached, i.e. the occipito-ascending pharyngeal trunk or 
_ the occipital artery. In the latter case, one of the two arteries supplying the 
carotid body continued on its course and entered the superior cervical and 
the nodose ganglia. In all cases the carotid bodies were well separated from 
the remnants of the internal carotid arteries which did not participate in their 
blood supply. 

The arteries entered the carotid bodies through the surface which was in 
contact with the parent vessel. In some cases the arteries continued to supply 
muscles in the vicinity. 

A fine venous plexus originating from the carotid body was observed on its 
outer surface. This venous network drained into three or four larger veins 
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(Fig. 2). Usually, these veins ran anteriorly to join the external and internal 
jugular veins. In one case two of the veins collecting blood from the superficial 
plexus at the carotid body surface joined directly the internal jugular vein 
(Fig. 3), while a third vein, arising from the upper pole of the carotid body, 
ended in the transverse posterior pharyngeal vein. In the specimen illustrated _ 
in Fig. 3, the internal carotid artery was well filled throughout its course with 


TPP. 


| Fig. 2. Fig. 3. 

Fig. 2. Ventro-medial view of the right carotid of a cat injected with indian ink. The carotid body 
is situated on the occipito-ascending pharyngeal trunk. A fine venous plexus is seen on its 
surface and two larger veins drain that area into the internal jugular and the transverse 
posterior pharyngeal veins. A vein from a neighbouring area also joins that from the carotid 
body. 

Fig. 3. Ventro-medial view of the left carotid of a cat injected with latex. The carotid body is 

_ attached to the occipito-ascending pharyngeal trunk and the proximal part of the ascending 
pharyngeal artery. Two small veins draining the carotid body join the internal jugular vein 
directly; another vein from the upper pole of the carotid body courses anteriorly to join the 
transverse posterior pharyngeal vein. In this preparation the internal carotid contained the 
latex throughout its course. 


hycar latex and could be easily followed to the circle of Willis. This was the 
only specimen showing a well-defined internal carotid artery. The veins 
draining the carotid body were frequently in communication with small veins 
coming from the vicinity, particularly from the muscles of the floor of the 
mouth, the lateral wall of the neck and the pharynx, and the superior cervical 
and nodose ganglia. 


Carotid body blood supply in the dog 
In ten out of twelve specimens from adult dogs, the carotid body was found 
astride the proximal part of the occipital artery (Fig. 4). In one of these 
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preparations the occipital artery originated from the external carotid a few 
millimetres away from the carotid bifurcation (Fig. 6). In two other specimens 
the carotid bodies were situated on the ascending pharyngeal arteries which 
arose from the external carotids at the same level as the occipital arteries 
(Figs. 7-9). In one further preparation, a 6-week-old dog, the carotid body 
was attached to the occipital artery, close to the external carotid. 


Imm Imm 


| Fig. 4. Fig. 5. 
Fig. 4. Dorso-lateral view of the left carotid of a dog injected with latex. The carotid body lies 


astride the proximal part of the occipital artery. An artery, originating from the occipital 
under the cover of the carotid body, supplies it and the neighbouring area. 


Fig. 5. Dorso-lateral view of the right carotid of the same animal as Fig. 4. The carotid body is 
situated on the proximal part of the occipital artery. It is supplied by two small arteries, one 
_ from the external carotid and the other from the occipital artery; they also supply the carotid 
sinus region. Note that the vessels supplying the carotid body arise from their respective 
arteries some distance away from it. 


The carotid body was supplied by three or four arteries which usually 
originated from the artery to which the carotid body was attached. In one 
instance, two branches arose from the external carotid and the occipital artery 
a short distance away from its point of attachment (Fig. 5). In the specimen 
illustrated in Fig. 7 the carotid body was situated between two branches of the 
ascending pharyngeal artery and received its blood supply from both these 
arteries. Fig. 9 shows a preparation where the carotid body surrounded the 
proximal part of the ascending pharyngeal artery which arose from the 
external carotid just above the origin of the occipital artery; one small artery 
supplying the carotid body came from a muscular branch of the external 


| “carotid, and two more vessels originated from the ascending pharyngeal. 


Some of the arteries serving the carotid body, in addition to sending fine 
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Imm 
Fig. 6. Ventro-medial view of the left carotid of a dog injected with latex. The carotid body 
surrounds the proximal part of the occipital artery which originates from the external carotid 
® few millimetres above the internal carotid. It is supplied by four arteries, two from the 
occipital artery and two from muscular branches. 


C.C. 


1mm 
Fig. 7. Fig. 8. 

Fig. 7, Ventro-medial view of the right carotid of a dog injected with latex. The ascending 

well developed and arises from the external carotid at the same level a 

occipital. The carotid body lies between two branches of the ascending pharyngeal. It 
receives two arteries, one from each branch. 

Fig. 8. Ventro-medial view of the left carotid of the same dog as in Fig 7. The carotid body is" | 

y is 
attached to the ascending pharyngeal artery. Four small branches from this artery supply 


the carotid body. Note the difference in the arrangements of the arterial blood supply of the 
carotid body on the two sides of the same animal (Figs. 7 and 8). aa 
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branches into the region of the carotid sinus (Fig. 5), proceeded to supply 
adjacent structures. 

Thus, the arterial vascular pattern of the dog, while revealing its close 
relationship mainly to the ascending pharyngeal and occipital arteries, showed 
considerable variability even in the same animal on comparison of both sides. 
This inconstancy is probably related to the varied arrangements of the parent 
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Fig. 10. 

Fig. 9. Ventro-medial view of the right carotid of a dog injected with latex. The carotid body 
surrounds the proximal part of the ascending pharyngeal artery which arises just above the 
occipital artery. Three arteries supplying the carotid body are shown, one from the muscular 

_ branch of the external carotid and the other two from the ascending pharyngeal. Several fine 
veins ate seen leading from the surface of the carotid body to the laryngeal vein, which finally 
joins the external jugular vein. In this case the internal jugular vein was absent. __ 

Fig. 10. Ventro-medial view of the left carotid of a dog injected with indian ink. The carotid body 
is situated on the occipital artery. A fine venous plexus on the surface of the carotid body 


communicates with numerous small veins. The largest vein joins the internal jugular, while aoe 


external jugular vein. 


vessels arising from the carotid bifurcation zone. The plexus of small veins 
arising from the carotid body and lying on its surface closely resembled that 
in the cat. Several small veins collected blood from this plexus, some of them 
joining to form larger veins (Figs. 9, 10). Most of the drainage occurred into 


the internal jugular vein, although small veins often connected with the 


posterior pharyngeal and the laryngeal veins and thus with the external 
jugular vein. In the specimen illustrated in Fig. 9, the internal jugular vein 
was absent and drainage occurred solely via the laryngeal into the external 
jugular vein, 
PH. CXVII. 23 
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Carotid body blood supply in the rabbit 

In five out of eight specimens the carotid body was found on the dorso- 
medial aspect of the internal carotid artery (Fig. 11). In three specimens the 
carotid body adhered to muscle branches of the external carotid in close 
proximity to the internal carotid (Figs. 12, 13). 

The blood supply of the carotid bodies came from one or two small arteries 
which had their origin from the external carotid (Fig. 11), the internal carotid, 
or the carotid bifurcation area. The specimen illustrated in Fig. 12 shows two 
small branches running into the carotid body which originated from a muscular 
branch of the carotid bifurcation. This illustration also shows a small nutrient 
vessel leaving this muscular branch at its origin and disappearing in the 
muscular coat of the carotid sinus region. Very commonly, the vessels con- 
tinued on their course after sending branches into the carotid body and 
supplied the superior cervical and nodose ganglia. | | 

The blood from the venous plexus on the surface of the carotid body drained 
into two or more larger veins which eventually joined the internal jugular 
vein (Figs. 13, 14). No connexions with the external jugular venous system 
‘were found. | 


DISCUSSION 

The observations presented show a somewhat bewildering variability of the 
arterial blood supply and venous drainage of the carotid body in different 
species. Considerable variations were also found in animals of the same species 
and even from side to side in the same animal. This lack of uniformity of the 
vascular pattern seems to be related mainly to the degree of variation in the 
arrangements of the common carotid bifurcation, as the carotid body draws 
its blood from arteries originating from this area. 

The situation appears simplest in the cat where the arterial supply leaves _ 
mainly from the occipital artery or the occipito-ascending pharyngeal trunk; 
venous drainage occurs directly into the internal jugular vein or via the 
transverse posterior pharyngeal vein and its communicating system into the 
external and internal jugular veins. 

In the rabbit, branches from the external or internal carotid arteries, or 
from the carotid bifurcation supply the carotid body, while the veins drain 
into the internal jugular system. The rabbit was the only species examined 
where the internal carotid occasionally contributed to the carotid body blood 
supply. | 

It is in the dog that the greatest variability in the vascular arrangements of 
the carotid body was found. The vessels originated from the occipital and 
external carotid, from the ascending pharyngeal, or from the ascending 
pharyngeal artery and a muscle branch of the external carotid. The veins 
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Fig. 11. Ventro-medial view of the left carotid of a rabbit injected with latex. The carotid body is 
situated on the internal carotid artery. It is supplied by an artery arising from the external 
carotid just above the internal carotid artery. This vessel, having supplied branches to the 

__ ¢earotid body, proceeds to supply the superior cervical and nodose ganglia. 

Fig. 12. Ventro-medial view of the right carotid of the same animal as in Fig. 11. The carotid 
body lies on a muscular branch arising from the carotid bifurcation. It is supplied by two 
branches from that muscular artery. 


Imm Imm 


Fig. 13. Fig. 14. 

Fig. 13. Ventro-medial view of the right carotid of a rabbit injected with latex. The carotid body 
surrounds the proximal part of a muscular branch which arises from the external carotid 
above the carotid bifurcation. Two large veins are seen draining the carotid body; they 
finally join the internal jugular vein. 

Fig. 14. Ventro-medial view of the right carotid of a rabbit injected with indian ink. The carotid 
body is situated on the proximal part of the internal carotid artery. A fine venous plexus 
is seen on the surface of the carotid body together with several small veins which finally 
drain into the internal jugular vein. 
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from the carotid body joined the internal jugular, or sometimes the external 
jugular when the internal jugular vein was absent; in the former case smaller 
branches also joined the external jugular vein. 

Frequently, the branches of the ascending pharyngeal and occipital arteries 
which supplied the carotid body continued on their course to supply the superior 
cervical and nodose ganglia. It is of interest that Patterson (1950), in his 
studies of the arterial blood supply of the superior cervical ganglion in new- 
born infants, reported that it derived its blood supply most commonly from 
the ascending pharyngeal, the superior and inferior thyroid, and less usually 
- from the occipital arteries; the ascending pharyngeal artery was the principal 
and only constant source. It will be noted that, in man, these vessels originate 
from the external carotid in the vicinity of the carotid bifurcation. 

The anatomical observations presented in this paper explain some of the 
hazards of the classical carotid sinus—carotid body perfusion experiments. 
One of the purposes of such experimentation is to study, usually in dogs, 
reflex responses elicited from carotid body chemoreceptor stimulation by 
various agents under conditions which rigidly exclude the possibility of such 
agents having direct access to the medullary centres. However, experiments 
of this kind frequently fail, either because no chemoreceptor responses can be 
obtained, or because the preparation is not actin isolated from the 
general circulation. 

The connexions of branches of the carotid bifurcation area with the cerebral 
vascular system have recently been demonstrated by Jewell (1952) and by 
Chungcharoen et al. (1952). If these vessels are left open in attempts to isolate 
the carotid body from the general circulation, the experiment is vitiated 
because of the ample channels of communication between this region and the 
brain. 

Our observations make it we that at least some of the experimental 
failures of carotid sinus—carotid body perfusions are due to the rigid applica- 
tion of a standard technique of dissection to a ‘distressingly variable’ (Winder, 
1933) anatomical situation. If all arteries issuing from the carotid bifurcation 
area are ligatured too close to the carotid body, there is the danger of tying 
off also the branches supplying it; in that case, the preparation will obviously 
be unresponsive. 

Moredver, if during dissection the venous drainage is destroyed, a hazard 
not easy to avoid in view of the intimate relationship of the veins with some 
of the arteries arising from the carotid bifurcation, then again it is probable 
that the activity of the chemoreceptor elements would rapidly fail through 
prolonged congestion. Furthermore, it is unlikely that any injected material 
will reach the receptors under these conditions. On the other hand, if the 
venous drainage system is left open, then the preparation will not be isolated 
from the systemic circulation, and perfusate as well as added materials are 
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pound to enter the general circulation. In this connexion it may be recalled 
that some authors have actually denied the existence of a venous system 


 eoming from the carotid body (Addison & Comroe, 1937; Comroe & rameeatt, 


1938). 
On the basis of the anatomical studies presented in this paper, the design of 


_ gsatisfactory carotid sinus—carotid body perfusion technique must be difficult 


and complex, if at the same time complete isolation from the general circula- 
tion and normally functioning chemoreceptors are desired. Owing to the 


_ yariation, both in the blood supply to and venous drainage from the carotid 


body, it is not possible to lay down any fixed procedure for setting up such © 
a preparation. One will have to be guided by the anatomical arrangements 
which present themselves as to the best means of fulfilling the criteria per- 


taining to such preparations. 


SUMMARY 
1. The carotid body blood supply in cats, dogs and rabbits was studied by 
injecting hycar latex or indian ink—thrombin preparations into the vascular 
system. 
2. In the cat, the arterial supply comes from the occipital artery or from 
the occipito-ascending pharyngeal trunk. The veins drain into either the 
transverse and thence external and internal jugular veins, or directly into 


_ the internal jugular vein. 


3. Three main patterns of arterial supply were found in the dog: branches 
from the occipital and external carotid, from the ascending pharyngeal, or 
from the ascending pharyngeal artery and a muscle branch of the external 
carotid, The veins drain into the internal jugular vein, or, in its absence, the 
external jugular vein. 

4. In the rabbit, branches of the external carotid, internal carotid or 
carotid bifurcation supply the carotid body; the veins join the internal jugular 
vein. 

_ 5. The arteries supplying the carotid body may proceed and send branches 
into neighbouring tissues, especially the superior cervical and nodose ganglia. 


The venous system may communicate with channels coming from structures 


in the neck and pharynx. 
6. Attempts to perfuse the carotid body experimentally should be feat 


on the anatomical patterns of its vascular system. 


Two of us (M. de B. D. and A. 8.) wish to express their thanks to the Medical Research Council 
for a grant defraying the expenses of this work. 
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THE EFFECT OF STRETCH RECEPTORS FROM MUSCLE 
"ON THE DISCHARGE OF MOTONEURONES 


By CARLTON C. HUNT 


From the Wilmer Institute, Johns Hopkins Hospital and University, — 
Baltumore, Maryland 
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The reflex effects of a variety of afferent systems on the mammalian spinal 
cord have been studied by a number of investigators. Of particular interest is 
the role of afferent discharges from muscle in the regulation of reflex contrac- 
tion. The importance of these sensory impulses, particularly in the maintenance 
of postural reflexes, has been known since Sherrington’s classical studies. 
More recently, electrical techniques have provided information concerning 
the central events which underlie these reflex patterns. There is, however, 
little evidence indicating which receptors in muscle are responsible for many 
of the well-known reflex effects. It is with this problem that the present study 
is concerned. 

Muscle nerves are unique in possessing a group of sensory fibres of 12-20 in 
diameter, larger than those found in other sensory nerves. This special afferent 
group (group I of Lloyd & Chang, 1948) contains within it certain sefbry — 
_ fibres which terminate directly on the spinal motoneurones. A synchronous 
_ volley in these fibres can excite the well-known monosynaptic reflex response 
(Eccles & Pritchard, 1937). Lloyd (1943 a) has extensively studied this system 
and found that the monosynaptic response is confined to motoneurones 
supplying the same muscle or part of the muscle from which the afferent 
volley originated. 

In accord with the pattern of reciprocal innervation, group I fibres from 
muscle also produce a ‘direct’ inhibition of the motoneurones to antagonist 
muscles, Recently, Laporte & Lloyd (1951) have shown that within this group 
of large afferents there is another system, producing inhibition of synergists 
and excitation of antagonists through a disynaptic linkage. It is likely that 
the fibres producing the latter effects arise from different receptors from those 
producing the monosynaptic excitation of motoneurones to the muscle. 

Group I afferent fibres arise, probably exclusively, from stretch receptors, 
namely tendon organs and muscle spindles (Hunt & Kuffler, 19516). The 
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discharge patterns of these two types of receptor, during stretch and during 
muscle contraction, were demonstrated by Matthews (1933). Both respond 
when the muscle is stretched, although the spindle receptors usually have 
a lower threshold. During muscle contraction the discharge from spindles is, 
in general, decreased while that from tendon organs is accelerated (for 
exceptions see later). The clear-cut differences in discharge pattern of these 
two types of stretch receptor have been employed to test their reflex effects. 
Recent studies have shown that about one-third of all the efferent fibres to 
muscles innervate only the intrafusal muscle elements of the spindles (Kuffler, 


Hunt & Quilliam, 1951; Hunt & Kuffler, 1951). Isolation of appropriate — 


‘small-nerve’ fibres provided a new and convenient method for selective 
stimulation of muscle spindle afferents without involving the ordinary muscle 
fibres which cause contraction. Such spindle activation has been used to study 
the reflex effects of this type of afferent fibre. 


METHOD 


Many of the techniques employed in previous studies were used (Kuffler et al. 1951; Hunt & 
Kuffler 1951a, 6). Adult cats were decerebrated or made spinal, by a section through the cord at 
the atlanto-occipital membrane, under preliminary ether anaesthesia. Exposed tissues were kept 


| SS \ 


Fig. 1. Scheme of experimental arrangement. SN, electrodes on isolated small-nerve fibres. 
EN, electrodes on portion of root containing large-nerve fibres to the muscle. MN, intact 
muscle nerve raised on to electrodes. The whole ventral root was used for recording group 
responses, or small filaments for the responses of individual motoneurones. 


under a layer of warm paraffin oil (37-39° C). The usual experimental arrangement is shown 
in Fig. 1. The ventral roots (usually L7 and 81) were divided so as to leave a central end for 
recording and a peripheral end in which different components of the efferent nervous supply to 
the muscle could be isolated and stimulated. The ventral roots, several segments above and below 
the recording level, were also cut. Large diameter efferent fibres (LN) to the muscle could be 
excited to study the effects of contraction, or isolated small diameter efferent fibres (SN) could be 
stimulated to increase the afferent discharge from muscle spindles. The.gastrocnemius muscle was 
generally used. The nerve to the medial head was usually left intact, while the nerves to the lateral 
head and to other muscles in the leg were cut and made available for stimulation. The intact 
muscle nerve (MN) was freed and it could be lifted on to platinum electrodes for stimulation or 


x 
4 
| 
MN 
4 rdi 
recording. 
q 


STRETCH RECEPTORS AND REFLEX ACTIVITY 361 


The limb was held by steel pins to a rigid myograph base, and muscle tensions were recorded by 
a strain gauge (Statham). Tension records were displayed, together with recorded potentials, on a 


RESULTS 
Reflexes recorded from whole ventral roots 


- With the exoepiiia of recent studies by Granit (1950) and his collaborators 


and by Henneman (1951), reflex responses from muscle afferents have been 
tested by stimulating cut nerves while recording from ventral roots. With the 
afferent muscle innervation intact, the monosynaptic response may be tested 
while changing the background of afferent impulses from the muscle. The latter 
may be altered by stretch, by contraction of the muscle, or by increasing the 
discharge from spindle afferents through stimulation of efferent small-nerve 
fibres. Certain of these changes in the background afferent flow from the 
muscle may cause motoneurones to discharge, particularly in decerebrate 
animals. This is evident when recording from one or a few units but, when the 
whole root is used for recording, such asynchronous activity may not be 
conspicuous. The known excitability changes following such firing may be 
expected to alter a monosynaptic test response which follows within a certain 
time. 

The reflex response recorded from the ventral root on stimulation of the 


intact muscle nerve often differs from that elicited on stimulating the central 


end of the cut nerve. Fig. 2 illustrates some of these features in a record taken 
from the ventral root on stimulation of ‘the intact gastrocnemius medialis 
nerve. A monosynaptic response appears in the ventral root after a latency of 
2-5 msec. About 1:5 msec after the onset of this potential there appears 
a second response lasting for 1-1-5 msec. This second response was seen with 


| stimulus strengths which did not excite the smaller (group II) afferents. When — 


the monosynaptic response was increased by facilitation set up by small nerve 
stimulation or stretch the second response dropped out. This type of response 


: was not seen on stimulating the cut muscle nerve. The most likely explanation 


for this effect is that afferent impulses, resulting from excitation of the muscle, 
closely follow the synchronous afferent volley set up by the stimulus to the 
muscle nerve and excite motoneurones which were not fired in the mono- 
synaptic response. When these ‘fringe’ neurones are made to fire in response 
to the initial afferent volley by some preceding facilitatory process, the 
subsequent sensory discharge from muscle receptors finds them refractory. 
The latency of the second motoneurone discharge suggests that it may be set 
up by the early centripetal discharge described by Lloyd (1942) and also 
by Leksell (1945), which ascends to the dorsal root after muscle excitation. This 
centripetal discharge may be identical with the ‘early discharge’ in stretch 
afferents which has recently been found to follow stimulation of the muscle 
(Hunt & Kuffler, 
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Recording the ventral root discharge, following muscle nerve stimulation, 
on a slower sweep, shows additional features which reflect the effect of sensory 
discharges occurring during contraction. Fig. 3 illustrates an example. As 
the stimulus to the gastrocnemius nerve was increased in strength, two groups 


Fig. 2. Decerebrate cat. Record of group monosynaptic response to single shock stimulation of 
intact nerve of gastrocnemius medialis at 0, 350 and 1080 g initial tension. Second trace: 
strain gauge record. Muscle nerve stimulus at beginning of sweep. A, control responses. 
B, same with preceding stimulation of twenty-eight small-nerve fibres to this muscle: 
muscle nerve shock (MN) at onset of sweep coincides with last of a train of 9 stimuli at 
100/sec to small-nerve fibres (SN) as shown on reduced time-base speed in bottom record. 
Time signal 1000 c/s. Note in A monosynaptic response with latency of 2-5 msec is followed 
by a second potential (less at higher tensions). At zero tension small-nerve stimulation has 
no demonstrable effect while at 350 g the monosynaptic response is facilitated (B) and the 
second potential reduced. At 1080 g the facilitation is greater. 


of ventral root discharges appeared, one early in contraction and another at 
the onset of relaxation from the twitch (A—C). When the stimulus was maximal 
for group I fibres and for contraction (D), the monosynaptic response was 
greater and the discharges at the beginning of relaxation failed to appear. 
Stimulation of the distal end of the ventral root (F) evoked similar discharges 
during the subsequent twitch. These motoneurone responses, then, appear to 
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be set up by afferent impulses from the muscle as a result of contraction. They 
are presumed, tentatively, to occur in motoneurones to the same muscle. The 
grouped discharge set up at the onset of relaxation most likely results from 


4 


Fig. 3. Recording from whole ventral root. Spinal cat. A—D, single stimuli to intact gastrocnemius 
nerve with increasing strengths at onset of sweep. H, baseline. Initial tension 250 g. Note 
two groups of discharges, early in contraction and at peak of tension. The latter disappear as 
the monosynaptic response becomes maximal (D). F, stimulation of a portion of the ventral 
root outflow to the muscle. Note discharges during relaxation. G—J, at less amplification. 
G, stimulus to a portion of ventral root outflow to the muscle. H, muscle nerve stimulus 
added to @ at time of discharges during relaxation. J, monosynaptic control. Note in H the 
nearly complete diminution of the monosynaptic response coincident with oer Time 
signal 100 c/s. 


afferent impulses of spindle receptors (see discussion). The monosynaptic 
response tested during this period shows depression (Fig. 3 G-J). It is likely 
that the refractoriness following firing accounts for this reduction. 

Effect of stretch. The monosynaptic response, recorded in the cut ventral root 
on stimulation of the intact muscle nerve, was tested with various amounts of 
steady stretch on the muscle. In spinal cats (37-39° C) the uniform effect of 
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loading was to decrease the size of the monosynaptic response, A representative 
experiment is shown in Fig. 4. Inhibition progressed as the initial tension was 
raised. Frequently a relatively small amount of stretch (100g) on the 
gastrocnemius produced a significant decrease in the monosynaptic response 
(cf. also Henneman, 1951). Steady stretch of this magnitude may be expected 
to excite mostly spindle receptors (Matthews, 1933; Hunt & Kuffler, 19516). 
Most, but not all, of the tendon organ endings require greater amounts of 
stretch for a maintained discharge. Such findings suggest that afferent fibres 
from spindles may depress the monosynaptic response under these conditions 
(see later). In this context it is of interest that Henneman (1951) has shown 
that cooling may disclose a facilitatory effect of static loading in spinal cats. 

In decerebrate preparations static loading of the muscle sometimes produced 
facilitation followed by inhibition as the load was increased. In others there 
was depression of the monosynaptic response at low tensions with facilitation 
at higher tensions. In no case was there facilitation of a degree comparable to 


Fig. 4. Spinal preparation. Monosynaptic response to stimulation of intact gastrocnemius nerve 
with the muscle at different resting tensions. Note progressive inhibition as tension is raised. 
that seen with phasic stretch. No systematic study was made of the responses 
to phasic stretch, but it was frequently observed that the monosynaptic 
response was markedly increased at certain times during phasic stretch 
(cf. Granit, 1950). Such facilitated responses often amounted to several 
hundred per cent of the control. In comparing these responses to those obtained 
with steady stretch, two factors should be considered: first, the frequency of 
discharge from stretch receptors depends on the rate of stretch as well as on 
the amount (Matthews, 1933; Katz, 1950); secondly, central events will be 
influenced differently by the relatively synchronous afferent volley during 
phasic stretch, in contrast to the more asynchronous discharge evoked by 

steady stretch (see later). 

The afferent discharge from muscle which is evoked by stretch has both 
inhibitory and excitatory effects on the motoneurones to the same muscle (see 
later). The net result of these effects may result in a facilitation or depression 
of the monosynaptic response. This is evident in the studies reported by 
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Granit (1950) in which stretch, applied at a uniform rate, evoked first facilita- 
tion, then inhibition. It is difficult to decide which receptors in muscle may be 

responsible for these effects of stretch, since the proportion of the discharge 
coming from spindles and from tendon organs is not known. 

Effect of contraction. The monosynaptic response was tested at various times 
during contraction of the muscle set up by stimulation of the distal end of the 
cut ventral root. Tetanic stimulation was usually employed in preference to 
single stimuli, since the activity of stretch receptors can be predicted with 
assurance under the former circumstances. Such test situations may also be 
expected to approximate more closely a steady state of motoneurone excitability 
than occurs during a twitch. In the latter case the time relations are so brief 
that the excitability changes subsequent to an afferent volley of fibres from one 
type of receptor may confuse the effects of following activity from different end 


Fig. 5. Spinal preparation. Monosynaptic response to stimulation of intact gastrocnemius nerve. 


A, control at 0 g muscle tension. B, response with 250 g resting tension. C’, response during 
fused tension of muscle produced by ventral root stimulation at 100/sec. Initial tension 
250 g. Note inhibition of monosynaptic response. Between C and D the nerve was cut and 
there was a lapse of 5 min. D, test response, similar to A. E, response during tetanic stimula- 
tion of ventral root as in C. No inhibition noted. 


organs. During the plateau of a fused tetanus, particularly when some external 


muscle shortening is permitted, most spindle receptors will cease to discharge 
while the discharge from tendon organs will increase. Fig. 5 illustrates such 
an experiment. The intact gastrocnemius nerve was stimulated and the mono- 
synaptic response recorded from the central end of the cut ventral root. In 
A the initial tension was 0 g. In B the resting tension was raised to 250 g and 
there was a reduction of about 12 % in the monosynaptic response. In C, with 
the same resting tension as in B, the test shock was given during the plateau 
of a tetanic contraction of the muscle set up by stimulating a portion of the 
ventral root outflow at 100/sec. (Note that the muscle nerve stimulus causes 
a tension response which adds to the tetanic contraction of part of the muscle.) 
There was a nearly complete inhibition of the monosynaptic response. The 
nerve to the muscle was then cut and, after waiting several minutes for injury 
discharges to subside, the monosynaptic response was again tested (D). This 
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was nearly the same amplitude as the control (4). When the distal end of the 
ventral root was then stimulated tetanically (Z), it had no effect on the 
response. These experiments clearly indicate that the reduction in the ampli- 
tude of the monosynaptic response during the tetanic contraction of the 
muscle must have resulted from some inhibitory influence occurring during 
the contraction rather than from a cessation of background excitatory effects 
as might come from muscle spindles or possibly other receptors. All these 
possibilities could be excluded since, when the background of afferent discharge 
from the muscle was interrupted by section of the nerve, there was no com- 
parable reduction in the size of the response to a test shock. The inhibition 
during tetanic contraction of the muscle appears to be due to tendon organ 
activity (see later). | 

The monosynaptic response was also tested at varying times during a muscle 
twitch evoked by ventral root stimulation. As was noted above, the con- 
traction alone may cause discharges of motoneurones during the rising part of 
the twitch and also during relaxation. The monosynaptic response, when tested 
at the time of such firing, may be decreased due to post-excitatory depression 
of the motoneurones, Granit (1950) has, in similar experiments, tested mono- 
synaptic responses by stimulation of the muscle nerve during various phases 
of a muscle twitch set up by ventral root stimulation. He has found facilitation 
when the muscle nerve shock follows the stimulus to the ventral root by 
3-10 msec. Such facilitation of the monosynaptic response has also been noted 
in the present study but is frequently absent, presumably due to refractoriness _ 
following firing. When the muscle nerve stimulus follows the ventral root 
shock by a greater interval (10 msec or more) depression of the monosynaptic 
response occurs. However, the peroneal monosynaptic response is facilitated 
during this phase of contraction of the gastrocnemius as it is during the plateau 
of a tetanic contraction of the gastrocnemius. These findings are in agreement 
with those of Granit (1952) and suggest that the facilitation of antagonists by 
stretch afferents depends on tendon organ activity. 

Effect of small-nerve stvmulation. The monosynaptic response is influenced 
by stimulation of isolated efferent small-nerve fibres to muscle which increases 
the afferent discharge from muscle spindles without causing contraction in 
ordinary muscle fibres. This effect depends on the resting tension of the 
muscle. As reported before, small-nerve activation can change the sensory 
background from spindles exclusively; the discharge from tendon organs is 
unaffected. | 

Figs. 2, 6 and 7 show a representative experiment in a decerebrate cat, in 
which twenty-eight small-nerve fibres were isolated to the gastrocnemius 
medialis (GM). Nerves to other muscles in the leg were cut. Stimulation of 
the small-nerve fibres at 100/sec caused an appreciable increase in the afferent 
discharge recorded from the intact nerve (Fig. 6). Fig. 2 also illustrates the 
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effect of excitation of the small-nerve fibres (nine stimuli at 100/sec) on the 
monosynaptic response of GM. With no tension on the muscle the responses 
were essentially similar. The first potential was followed by a second response 
(see above), apparently resulting from afferent impulses set up as a consequence 
of muscle excitation. With an initial tension of 350 g the control monosynaptic 
response was slightly smaller and, at. this tension, small-nerve stimulation 
produced a considerable facilitation. At a still higher tension (1080 g) small- 
nerve excitation produced a more striking facilitation and, following the 
facilitated monosynaptic response, the second potential was reduced (see 
above). 

In addition to increasing the amplitude of the monosynaptic discharge, 
small-nerve stimulation also appreciably shortened the latency of the response. 


Fig. 6 Recording from intact branch to gastrocnemius medialis. Muscle tension of a few g. 
A, baseline. B, during stimulation of twenty-eight small-nerve fibres to muscle at 100/sec. 
Note increase in afferent impulses. 


Thus in Fig. 2 the monosynaptic discharge following small-nerve stimulation 
(1080 g) had a latency 0-3 msec shorter than the control response (0 g). This 
decreased latency might result from new units firing at a shorter interval or 
from a reduction in the latency of individual units. It will be shown that the 
latter is the principal factor in producing the latency shift. 

In the experiment of Fig. 7, the monosynaptic response, elicited by stimula- 
tion of the cut nerve of lateral gastrocnemius, was tested during excitation of 
small-nerve fibres to the medial gastrocnemius. When the muscle was under 
no tension small-nerve stimulation had no demonstrable effect. However, at 
an initial tension of 380 g there was a marked facilitation. This indicates that 
the well-known excitation of synergists results from spindle afferent activity. 

In occasional experiments in spinal cats, stimulation of small-nerve fibres 
was found to decrease the monosynaptic response. Fig. 8 shows an experiment 
in which such a decrease followed small-nerve stimulation when the muscle 
was at @ resting tension of 100 g, but when the same stimulation was given 
with the muscle under higher tension (300 g) the monosynaptic response was 
facilitated. Frequently the monosynaptic response was not affected by small- 
nerve stimulation, although facilitatory effects on individual motoneurones 

could be demonstrated (see later). 
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Fig. 7. Monosynaptic response to stimulation of cut gastrocnemius lateralis nerve. Decerebrate 
cat. The nerve to gastrocnemius medialis was intact and twenty-eight small-nerve fibres were 
isolated to that muscle. A, control response. B, with antecedent small-nerve stimulation. 
At 0g resting tension there is no change, but at 380 g small-nerve excitation causes a 
facilitation of the synergist monosynaptic response. Relation of small-nerve and muscle 
nerve stimuli same as in Fig, 2. 


_ Fig. 8. Gastrocnemius monosynaptic response. Spinal cat. Stimulation of intact nerve at muscle 
tensions of 100 and 300 g. A, control. Note smaller response at higher tension. B, test shock 
given coincident with the 13th of a train of stimuli (100/sec) to small-nerve fibres to muscle. 


Responses recorded from individual motor uniis 
Identification. A study of responses of single motoneurones presents certain 
advantages over those recorded from large numbers of neurons. For example, 
an increase in the monosynaptic response in the whole ventral root represents 
a change in the number of cells firing. Under such circumstances certain units 
may actually cease to respond, while others are recruited. Further, responses 
of individual motoneurones may reveal facilitation or depression even when 


there is little net change in the monosynaptic response of the whole population 
(see below). 
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By subdividing the central end of the cut ventral root, filaments were 


separated containing one or more large efferent fibres which responded to 


stretch of the gastrocnemius muscle and to stimulation of the gastrocnemius 
nerve. This was found an adequate criterion for identification of fibres as 
gastrocnemius motoneurones. In decerebrate preparations occasional large 
efferent fibres to antagonists (tibialis anticus, ext. dig. longus) discharged 
when strong external stretch (several kg) was applied to the gastrocnemius. 
However, when recording from these nerves at a gain sufficient to detect 
single units, no activity was seen following single shocks to the gastrocnemius 
nerve within time intervals approaching the latency of gastrocnemius mono- 
synaptic responses. The motoneurone response to a muscle nerve shock 
appeared to give a reliable means for identifying motoneurones even if these 
fired a millisecond later than the earliest grouped monosynaptic discharge. 
Units which responded thus toa test shock to a muscle nerve were not found 
to give monosynaptic responses to stimulation of the cut nerves of synergists. 
These findings are in agreement with the results of Lloyd (19435) on the 
localization of the monosynaptic reflex. Granit & Strém (1951) have found 
occasional units firing monosynaptically in response to stimulation of the 
nerve to either the lateral or medial head of the gastrocnemius when the muscle 
was under tension. Under these conditions the facilitatory effect of an afferent — 
volley from the synergist may have added to the excitatory effect from 
afferents responding to stretch and thus fired the motoneurone. However, the 
specificity of the monosynaptic response ordinarily confines it to motoneurones 
of the muscle from which the afferent volley originated. 

Effect of stretch. Units which responded monosynaptically to a muscle nerve 


shock also fired during phasic stretch. However, even in decerebrate pre- 


parations, steady stretch failed to produce a maintained discharge of many 
neurones. The effect of steady stretch on units of the same . preparation 
differed. Thus, certain motoneurones fired in response to a muscle nerve 
stimulus when there was moderate stretch on the muscle, but failed to respond 
at high tensions (see also Granit & Strém, 1951). Other units gave no mono- 


synaptic responses at low tensions, but did so with a background of consider- 


able stretch. Thus, stretch may cause a shift in the population of motoneurones 
which respond to a test volley without producing much change in the mono- 
synaptic response recorded from the whole ventral root. In decerebrate 
preparations many units showed a continuous discharge with steady stretch 
on the muscle and most units gave monosynaptic responses in the absence of 
muscle stretch. However, spinal cats also showed occasional motoneurones 
which fired continuously in response to steady stretch. Some motoneurones 
fired only with moderate tensions on the muscle, but as loading was increased 
to 1-2 kg the discharge stopped. The discharge frequency of motor units in 


_ Tesponse to stretch seldom ran above 30—40/sec, in agreement with the earlier 
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observations of Adrian & Bronk (1929). Individual units could be made to 
discharge at higher frequencies by small-nerve activation of spindle afferents 
‘(see below), suggesting that inhibitory effects rather than refractoriness limit 
the frequency of firing in response to stretch. 

Effect of contraction. During tetanic contraction of the gastrocnemius by 
ventral root stimulation the monosynaptic response of motoneurones to that 
muscle was inhibited (Fig. 9). This inhibition occurs although the neurone has 
not fired and hence does not represent post-excitatory refractoriness. The 
strength of this inhibition is greater in spinal preparations in which most of the 
motoneurones fail to fire in response to a test shock during a tetanic contraction. 
This is in agreement with the marked reduction in the group monosynaptic 
response under these conditions (see above, also Granit, 1950, and Hagbarth 
& Naess, 1950). The discharge pattern of stretch receptors during contraction 
indicates that this inhibition results from tendon organ activity. This is in 
accord with the conclusions of McCouch, Deering & Stewart (1950), based on 
inhibition of the knee jerk during stimulation of the tendinous portion of 
crureus. 

In decerebrate preparations motoneurones, with a maintained discharge due 
to stretch, showed a cessation or slowing of their firing when the muscle 
contracted, depending on the initial tension used (Fig. 10). When the tension 
on the muscle was just insufficient to cause firing, a train of discharges often 
resulted during relaxation from a tetanic contraction (Fig. 11). In these 
examples the motoneurone discharge parallels the activity of spindle afferents. 
Sensory fibres from spindles show an increased frequency of discharge during 
relaxation from a contraction due to re-extension of the muscle (Matthews, 
1933; Hunt & Kuffler, 19516). The cessation of motoneurone firing during 
contraction may be due to inhibition produced by tendon organ activity, as 
well as to a reduction in afferent discharges from spindles. The discharge 
during relaxation may accordingly be due to some excitation resulting from 
the release of inhibition. However, it seems more likely that the increased 
firing during relaxation results from the greater inflow from spindle receptors 
at that time. 

Effect of small-nerve stimulation. When sufficient numbers of isolated small- 
nerve fibres were excited with a train of stimuli, individual motoneurones 
could be made to discharge provided a sufficient background of stretch was 
present. A typical experiment in a decerebrate cat is shown in Fig. 12. 
About twenty isolated small-nerve fibres to the gastrocnemius were stimulated 
(19 stimuli at 100/sec), producing no detectable contraction of the muscle. The 
neurone isolated showed no discharge at a muscle tension of 0 g and small- 
nerve stimulation produced none. At a tension of 210 g there was again no 
baseline discharge, but small-nerve activation now caused the neurone to give 
a train of eight discharges. When the tension was raised to 750 g the same 
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Fig. 9. Spinal cat. Recording from ventral root filament containing one unit which fires mono- 
synaptically to test shock to intact gastrocnemius medialis nerve. A, control. B, during 
tetanic contraction of muscle by stimulation of large efferent fibres at 100/sec. The response 
of the motoneurone is inhibited. Time signal 1000 o/s. 


650 g 
Fig. 10. Recording from motoneurone in ventral root filament. Decerebrate cat. A, baseline 
reflex discharges at muscle tensions of 500 and 650 g. Note higher discharge frequency with 
greater tension. B, effect of tetanic contraction of muscle by ventral root stimulation (train 
at 100/sec). Note cessation of discharge during contraction (500 g). At the higher tension the 
rate of discharge is slowed during contraction and rises above the baseline frequency during 

- relaxation. Sweep duration 750 msec. 


AVAVAVAVA 


_ Fig. 11. Recording from motoneurone in ventral root filament. Decerebrate cat. At a muscle 
tension of about 500 g there was no baseline discharge (A). Following tetanic contraction set 
up by ventral root stimulation at 68/sec (B), a series of discharges occurred during relaxation. 
Time signal 10 c/s. 
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small-nerve stimulation produced only five discharges. At a still higher tension 
(830 g), the neurone discharged continuously and small-nerve stimulation 
increased its discharge frequency. This example again demonstrates the 
complex actions which result from stretch. Two principal effects of stretch must 
be considered in these experiments: (1) a given number of stimuli to small- 
nerve fibres has a greater effect on the afferent discharge from spindles as the 
tension is raised (Kuffler e¢ al. 1951); (2) in addition, the sensory background 
created by different degrees of stretch alters the excitability of the neurone. 


Baseline Small-nerve stimulation 


Fig. 12. Recording from ventral root filament containing gastrocnemius motoneurone. Decere- 
brate cat. About twenty small-nerve fibres isolated to the muscle. Gastrocnemius nerve 
intact. At zero muscle tension there is no discharge and small-nerve stimulation (about 
20 stimuli at 63/sec) produces none. At 210 g tension there is no baseline firing but small- 
nerve activity causes a train of eight discharges. At 750 g tension there is again no baseline 
activity and small-nerve stimulation evokes five discharges. At a muscle tension of 830 g the 
motoneurone fires continuously and small-nerve excitation increases its discharge frequency. 
Note that greatest effect is at 210 g tension. Sweep duration 780 msec. 


Stimulation of the small-nerve fibres at a tension of 750 g may be expected to 
give a greater response from spindle afferents than at 210 g tension. Yet, at 
_ the higher tension, the motoneurone response is actually less; an effect 
frequently observed. Inhibitory impulses from the stretched muscle must be 
responsible for this reduction in the response. In spite of this inhibition of the 
motoneurone response to spindle activation as stretch is increased, still higher 
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tension causes the neurone to fire continuously (see discussion). Small-nerve 
activity sometimes caused motoneurones to discharge at frequencies above 
100/sec. This is a higher rate of firing than was seen even with considerable 
stretch on the muscle. This suggests that inhibitory impulses limit the fre- 
quency of the motoneurone response to stretch rather than refractoriness of 


the cell following firing. . 
The excitatory effects of small-nerve stimulation could be shown in other 


ways. Motoneurones which failed to fire in response to a muscle nerve shock 


did so after a preceding period of small-nerve stimulation. Fig. 13.4 shows 


Fig. 13. Decerebrate cat. Recording from three different ventral root filaments A, B and C. In 
each case (1) shows response to stimulation of intact gastrocnemius medialis nerve, and 
(2) similar stimulation following excitation of small-nerve fibres to the muscle. Muscle-nerve 
stimulus at onset of sweep coincident with 10th stimulus to small-nerve fibres at 100/sec. 
Note: in A, small-nerve stimulation caused an additional neurone to fire monosynaptically. 
In B, small-nerve activity caused a motoneurone to fire which had not discharged to the 
control test shock. In C, a neurone responds both in (1) and (2) but following small-nerve — 
ee Time signals 1000 c/s. Cal., calibrating signal 
0-5 mV. 


a recording from a ventral root filament following a maximal shock (for 
group I fibres) to the gastrocnemius medialis nerve. One neurone fired with 
a latency of 2-4 msec (1). Following nine stimuli (100/sec) to about twenty- 
eight isolated small-nerve fibres to the muscle, the same muscle-nerve stimulus 
caused an additional neurone to fire (2). Another example is shown in B. 
This filament contained a unit which failed to respond to the muscle nerve 
shock unless preceded by small-nerve activation of spindle afferents. These 
are, therefore, neurones in the ‘subliminal fringe’ brought to firing by the 
facilitatory action of spindle afferents. The same facilitation could also be 


_ demonstrated in units which did fire to a maximal group I volley. The 


muscle nerve was stimulated slightly below the strength required to cause a 
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motoneurone to discharge. Then, small-nerve stimulation, preceding the sub- 
threshold muscle nerve shock, made the motor unit fire. 

In some experiments small-nerve stimulation was found to cause discharges 
in motoneurones, although such stimulation had no facilitatory action on the 
group monosynaptic response of the muscle. 

The latency of the response of individual motoneurones to a sidiets nerve 
shock (maximal for group I fibres) was reduced by preceding small-nerve 
stimulation. This reduction in latency usually amounted to 0-3-0-6 msec. 
Fig. 130 shows a motor unit which fired 3-2 msec after a stimulus to the 
medial gastrocnemius nerve maximal for group I afferents. When small-nerve 
fibres to the muscle were stimulated (nine stimuli at 100/sec) the latency of the 
response was reduced to 2-7 msec. This provides another example of the facili- 
tatory effect of spindle afferents (see discussion). Similar latency shifts have 
been observed with conditioning stimuli in spinal motoneurones (Renshaw, 
1940; Granit & Strém, 1951) and in oculomotor neurones (Lorente de N6, 1938). 


DISCUSSION 

The excitatory effects of muscle stretch on the discharge of motoneurones are 
well known. In addition, there is considerable evidence indicating that stretch 
also excites afferent pathways which cause inhibition of the motor discharge to 
the muscle, for example, the lengthening reaction. The silent period following 
the muscle response to a tendon jerk is an additional indication of inhibition, 
but such reduction in the motor response could also be accounted for by 
refractoriness following firing. Denny-Brown (1928) made the important 
observation that synergists of a stretched muscle also showed a period of 
silence. This indicates that activity in some stretch afferents can produce 
inhibition which is not due to excitability changes following discharges of the 
neurones. Recently, Granit (1950) has shown that the monosynaptic response 
of neurones to a particular muscle is depressed during contraction of that 
muscle. Further, he has demonstrated that strong stretch of the muscle may 
also inhibit the monosynaptic response of individual motoneurones. These 
findings convincingly indicate autogenetic inhibition. 

Lloyd (1943, c) has shown that the afferent fibres from muscle producing 
the monosynaptic response are of large diameter (group I, 12-20) and that 
this system may be activated by stretch. Fibres of this diameter group also 
produce direct inhibition of antagonists (Lloyd, 1946). Hunt & Kuffler 
_ (19516) determined the conduction velocities of a large number of individual 

fibres from stretch receptors and found no significant difference in the velocities 
of fibres from muscle spindles and tendon organs. Assuming a direct relation 
between conduction speed and diameter, these fibres fall into group I of the 
histological spectrum (Lloyd & Chang, 1948). However, no systematic study 
was made of the smaller (groups IT and III) afferents from muscle, and it is 
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not excluded that some stretch receptors may have fibres in these groups. 
Nevertheless, electrical excitation of group I fibres will excite afferents from 
both muscle spindles and tendon organs. | 

Laporte & Lloyd (1951) have shown that the curve of facilitation of the 


'  monosynaptic response, caused by a conditioning shock to the nerve of 


a synergist, frequently shows a break from its expected course after an interval 
of 0-5 msec. This is in the direction of inhibition of synergists and the time 
relations indicate that the effect is mediated through one interneurone. At 
a similar time interval the course of inhibition of an antagonist may be 
interrupted by a superimposed facilitation, again beginning at an interval of | 
0-5 msec. The evidence, then, points to two sets of effects from muscle stretch 

afferents: (i) an afferent pathway which can directly excite the motoneurones 

to the same muscle, facilitate the motor units of synergists and produce 

a ‘direct’ inhibition of antagonists; (ii) another system, acting through an 

interneurone, producing inhibition of synergistic muscles and excitation of 

antagonists. It is likely that this system also produces inhibition of neurones 

to the same muscle, but it has not yet been shown whether this is mediated 

through a disynaptic linkage. 

The present studies support the view that the muscle spindle afferent 
produces excitation of the motoneurones to the same muscle and facilitation 
of synergists. The reasons are as follows: (a) Increasing the afferent discharge 
from spindles by small-nerve stimulation can facilitate the monosynaptic 
response of the same and synergistic muscles. (b) Such spindle activation, with 
a background of stretch, can cause motoneurones to the same muscle to 
discharge. (c) When a motoneurone is discharging at a steady rate due to 
a background of stretch, contraction of the muscle causes the discharge to stop 
or be slowed. If the initial tension is not sufficient to produce a maintained 
firing of the motoneurone, discharges may occur during and following 
relaxation from a muscle contraction. In these examples the motor unit 
discharge parallels activity in spindle afferents. 

The most convincing conclusion about reflex effects of tendon organ activity 
is derived from test situations during tetanic contraction of the muscle pro- 
duced by ventral root stimulation. During such activity the monosynaptic 
response of the motoneurones to the same muscle shows inhibition, while the 
responses of the antagonists show facilitation. This type of ending appears to 
be responsible for the effects noted by Laporte & Lloyd (1951) to be mediated 
through a disynaptic pathway, i.e. inhibition of synergists and excitation of 
antagonists. 

Less clear-cut and less simply interpreted is the inhibitory contribution of 
spindles. In some instances small-nerve activation of spindle afferents has 
been found to decrease the test monosynaptic response. Another indication: 
that impulses from spindle receptors may depress this response comes from 
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experiments on static loading of the muscle. Relatively small tensions on the 
muscle, which would be expected to excite principally spindle endings, can 
cause considerable reduction in the monosynaptic response. One explanation 
of these effects is that there are two types of spindle afferents, one producing 
excitation and the other inhibition. Alternatively, both effects might be 
produced by the same fibre. The discharge pattern from spindle afferents fails 


to show any difference which would indicate their origin from primary or — 


secondary endings within the spindles (Hunt & Kuffler, 19514). The similarity 
of the response of spindle receptors suggests their reflex effects to be the same. 
_ There are a number of experimental conditions in which the response of 
motoneurones is facilitated to one test situation and inhibited to another. An 
example is a comparison of the effect of stretch on the monosynaptic response 
and on the firing of motoneurones. As static loading is increased the mono- 
synaptic response is decreased. However, at a certain level of stretch, the 
motoneurones can show a maintained discharge. Granit & Job (1952) have 
also found that the firing of motor units to stretch may be influenced quite 
differently from the monosynaptic response, for example, by transection of the 
spinal cord in a decerebrate preparation. It has been noted that maintained 
stretch can decrease the motoneurone response to small-nerve activation of 
spindle afferents, while further increases of stretch cause the neurone to fire 
continuously. Kuffler (1952) has found analogous interactions in the responses 
of retinal ganglion cells to excitatory effects produced by light stimulation of 
different parts of the receptive field. Spinal motoneurones receive direct endings 
from certain afferent fibres, and any depression of the monosynaptic response 
must reflect an action somewhere on the motoneurone itself. The important 
question arises how activation of certain afferent pathways can cause a cell tofire 
and at the same time depress the response of the cell to an afferent volley which 
reaches it without any previous synapse. ‘Refractoriness, in the usual sense, 
can be ruled out since the same motoneurone is capable of firing at a much 
higher rate if suitably stimulated. One may suggest that the diverse stretch 
afferent impulses result in a mosaic of local actions, of opposed direction, on 
the cell surface. The spatial distribution of local actions may be so oriented 
that the excitatory component of stretch can gain sufficient intensity to 
develop a propagated response while the afferent volley over the pathways 
activated by the muscle nerve shock fails to excite. Another factor, always 
related to the above, is the temporal distribution of impulses reaching the mn 
with these various types of afferent activation. 

The opposite effects produced by spindle afferents, namely excitation and 
inhibition, might result from activity in two types of fibres. However, a 
simpler and more likely assumption in many ways is that all spindle afferents 
‘have a similar function and that the divergent effects noted can be produced 
by the same fibre. 
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assuming these fibres end directly on the cell, it would require that the same 
sensory termination on the neurone could produce either excitation or in- 
hibition, depending on the state of the cell (see Hughes & Gasser, 1934; Brooks, 
Downman & Eccles, 1950). In spite of these difficulties many of the present 
observations could best be explained by assuming a uniformity of properties 
of spindle afferents. : a 

The latency shift which occurs in the response of individual motoneurones 
suggests that local responses of the cell may build up for a considerable time 
before a propagated impulse is set up. The response of a cell to a synchronous 
afferent volley may vary as much as 0-6 msec depending on the background 
of facilitatory impulses reaching it. When a motoneurone is subjected to 
intense excitatory influences it may be expected to fire with a latency 
indicating @ minimal synaptic delay. However, when the ‘safety factor’ is 
less the latency can be appreciably lengthened. _ 

Afferent activity from muscle spindles is, in general, excitatory to moto- 
neurones of the same muscle while impulses from tendon organs cause in- 
hibition. The discharge patterns from these two types of receptor suggest the 
manner in which they regulate reflex movement of the muscle: a background 
of discharges from spindles is required to enhance the excitability of the motor 
cell; its firing in reflex movement depends on a background of stretch. This is 
often seen in units giving rhythmic ‘spontaneous’ discharges only when there 
is some stretch on the muscle. The importance of afferent discharges from 


muscle in smoothing reflexly evoked contraction is well known. An example 


is the well-maintained muscle tension response to a crossed extensor reflex set 
up by stimulation at low frequency of a contralateral skin nerve (Sherrington, 
1909). After dorsal roots are cut the contraction is ataxic, showing tension 
rises with each stimulus. The afferent impulses from stretch receptors accom- 
plish this smoothing of muscle contraction for, when the motor cells receive 
a stimulating volley at low frequency, the time course of the muscle contrac- 
tion is too rapid to cause fusion. The course of the stretch afferent regulation 
appears to be as follows. When the motoneurones discharge to an incoming 
asynchronous volley their firing depends on a background of activity in spindle 
afferents. As muscle tension rises due to contraction, tendon organ activity 


Increases and spindle activity diminishes so that the motoneurones which have 
not fired also become less excitable. Following the peak of muscle tension, 


spindle activity will increase and in turn raise the excitability of the moto- 


_ neurone pool. The net effect of this control activity will be: (1) to reduce the 


peaks of tension development because of autogenetic inhibition during 


_ muscle shortening, and (2) to prolong the contractile response because of the 


excitatory effects of spindle discharges during relaxation, This will result in 


_ asmoothing of the contractile response when the motoneurone pool receives, 
- from other pathways, asynchronous volleys at frequencies far below the fusion 


‘ 
th? 
q 
\ 
‘4 
4 
~ 


378 | CARLTON 'C. HUNT 


frequency of the muscle itself. Such a simplified scheme does not include the 
effect of reflex regulation of spindle responses by efferent small-nerve fibres. 
This would probably be of less importance in phasic reactions than in main- 
tained postural contractions (Hunt, 1951). The role of the facilitation of the 
motoneurone discharge which occurs very early in contraction is not clear. 
This facilitation may be of significance only when a large proportion of the 
muscle is excited to contraction with a fairly synchronous efferent volley. 


SUMMARY 

1. The reflex effects of stretch afferents from muscle have been studied. 
Stimulation of isolated small-nerve fibres to muscle increases the sensory 
discharge from muscle spindles without causing contraction in ordinary 
muscle fibres. Such spindle activation has been employed to test the reflex 
effects of receptors of this type. The effect of tendon organ activity has been 
_ studied by testing motoneurone responses during the plateau of fused tetanic 
contractions of the muscle. | 

2. Afferent discharges from muscle spindles can produce discharges of 
motoneurones to the same muscle. Such afferent activity also facilitates the 
monosynaptic responses of the same and synergistic muscles. Under some 
conditions spindle afferent activity can depress the monosynaptic response of 
the same muscle. 

3. Tendon organ activity during muscle contraction inhibits motoneurones 
to the same and synergistic muscles and facilitates the responses of antagonists. 

4. Muscle stretch sets up afferent discharges producing a combination of 
excitatory and inhibitory effects on the muscle. 

5. In a number of experimental situations afferent activity, which can 
cause the motoneurones to discharge, may also depress their response to 
monosynaptic test excitation. These interactions are discussed. 

6. Facilitation of the monosynaptic response by spindle afferent activity 
is accompanied by a reduction of the ancy of the discharge of individual 
motoneurones. 

7. The reflex effects of eek spindle and tendon organ activity are 
such as to cause smoothing of the tension response of the muscle to repetitive 
excitation of the motoneurone pool. 

During part of this investigation the author held a senior fellowship of the National Research 


Council, supported by the National Foundation for Infantile Paralysis. Support of the U.S. 
Public Health Service is also acknowledged. 
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THE PHYSIOLOGICAL COST OF NEGATIVE WORK 


By B. C. ABBOTT, BRENDA BIGLAND anp J. M. RITCHIE 
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In the investigation of muscular work and its cost in terms of oxygen consumed, 
attention has been concentrated on positive work performed by muscular 
shortening, while the absorption of work during forcible lengthening has 
been almost entirely neglected. Yet in the living animal active muscles are 
regularly stretched, and in the process mechanical work is absorbed in them, 
e.g. whenever we bend down, or run downstairs, or lower a weight. Throughout 
the extension the muscles are actually contracting, in contrast, for instance, 
to the antagonist extensor muscles which, during rapid flexion of a limb, are 
stretched passively for the greater part of the movement and are not excited 
to activity until towards the end when they cause deceleration (Wilkie, 1950). 
The present investigation on human muscles was undertaken as an application 
of the results of recent studies of the energetics of active isolated muscles 
during stretch (Abbott, Aubert & Hill, 1951). The cost in oxygen consumption 
of performing positive work has been compared with that of absorbing the 
same work, by the same movements and at the same speed, the only difference 
being that in the one case the muscles shortened, in the other they were 
forcibly stretched. 

When an active muscle exerts a force P and shortens a distance z it does 
an amount of work Pz; on the other hand, if it is stretched a distance x while 
exerting this force, it absorbs work and is said to do an amount Pz of negative 
work. For example, when a man climbs a vertical ladder, his leg extensors 
shorten and do positive work against gravity; when he descends, the same 
muscles are stretched while actively resisting the gravitational pull and may 
be said to do negative work. 

What is the physiological cost of such negative work? It is, of course, 
common experience that to walk downstairs is easier than to walk upstairs and 
this can be tested objectively by measuring the oxygen consumption in both 
tasks, This was done by Chauveau (1901) with a subject walking on a treadmill 
driven by a motor. According to the — of its movement the subject 
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had continually to ascend or descend in order to maintain a constant position 


and so did ‘positive or negative work. Under the conditions of Chauveau’s 


experiments the oxygen consumption for a given subject doing positive work 


was about twice that for an equal amount of negative work. Chauveau’s 


concept of the muscle machine was quite different from that held at present, 
and his physical terms were not clearly defined. He considered that muscle 
activity was divided between internal and external work; oxygen was equated 
directly to a number of work units, and variations in oxygen consumption 
with work under different conditions were discussed in terms of the efficiency 
of the internal working. It is therefore difficult to obtain an intelligible picture 
of his conclusions. 

In the paper by Levin & Wyman (1927) the experiments on isolated jaw 
muscles of dogfish (fig. 3 of their paper) showed that the maximum positive 
work done by a fully active muscle shortening at constant speed may be only 
one-sixth of the negative work involved when the muscle is stretched at the 
same speed. From this it can be concluded that in order to obtain equal 
amounts of positive or negative work from a given isolated muscle the number 
of fibres activated would need to be up to six times as great for the first as for 
the second. The ratio, of course, will depend on the type of muscle, the experi- 
mental conditions and particularly on the speed. We have assumed that the 
oxygen consumption associated with equal amounts of positive and negative 
work must be largely determined by the number of muscle fibres in activity. 
This assumption is supported by the results of Fischer (1931) which show that 


_ & frog sartorius, doing the maximum work possible in an isotonic twitch, 


consumes only about 20% more oxygen than in an isometric twitch, although 
it should be noted that, in an isometric twitch, an unknown amount of work 


is done which depends on the extensibilities of the tendon, thread and recording 


system. Our present knowledge of the physical characteristics of muscular — 
contraction calls for a new study of the fuel consumption of human muscles 


_ during shortening and imposed stretch. 


METHOD 


The apparatus is shown in Fig. 1. Two bicycle ergometers were placed back to back and coupled 


by a chain; when one cyclist (A) pedalled in the conventional forward direction, the legs of the 
other cyclist (B) were driven backwards. This is not ‘back-pedalling’ in the conventional sense, 


: but normal pedalling reversed. During the experiment the forward cyclist pedalled at an agreed 


speed set by a metronome and the other resisted sufficiently to maintain an agreed force read on 


‘agauge. A and B necessarily exerted the same force, otherwise the system would have accelerated 
‘or slowed down. 


Similar muscles were necessarily used by both cyclists; in pedalling the muscles shortened and 
did work, in resisting they were forcibly stretched and work was done on them. The apparatus 
was designed to have as little frictional loss as possible in flywheel and transmission chains, 
so that practically all the work done by A was used in stretching the leg muscles of B. The 
platform carrying one bicycle was mounted on roller bearings which allowed free movement along 
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a smooth steel plate. A sealed waterfilled system of flexible metallic bellows (4, Fig. 1) was placed 
between the bicycle platforms. During pedalling the tension in the chain C joining the flywheels 
pulled the bicycles together, compressing 8S. 
front of each subject. 

Expired air was collected in Douglas bags and samples were taken from them into 30¢.c. Brodie 
bottles within a few minutes of collection. The remaining air was expelled through a gas meter 
for measurement of ventilation rate. The samples were analysed in 4 Haldane gas analysis 
apparatus, with sodium hydrosulphite-f-anthraquinone as the oxygen absorber. In all experi- 
ments pedalling was preceded by a rest of 30 min on the bicycles, during the last 10 min of which 
collections of the expired air were taken. Pedalling lasted for about 13 min in all. It was expected 
that a steady state had been reached after 10 min; expired air was then collected from both 
subjects for 1-3 min, according to the rate of working. The subjects then changed places, the 
forward cyclist of the first run now resisting. The pedalling was repeated, with speed and force 


unchanged. 


-Fig. 1. Two bicycle ergometers coupled together in opposition and separated by a flexible water- 
filled buffer system S connected to the gauge G. One bicycle is mounted on rollers resting 
on a smooth metal sheet. 


In order to correlate changes in oxygen consumption with muscular activity, a steady state 
was needed. A maximum sustained effort and a steady state are incompatible, because a con- 
tinually rising oxygen debt accrues. A compromise was reached using submaximal efforts, by 
comparing the sum of the two ‘forward’ oxygen consumptions with the two ‘resisting’ con- 
sumptions. This procedure also tended to eliminate any effect of different muscular efficiencies 
in the two subjects. Since we were interested only in ratios, gas volumes were not corrected 
to s.t.p. 

Experiments were made at a variety of pedalling speeds and forces. The optimum speed of 
forward pedalling depends, as would be expected from Hill’s characteristic equation for muscle 
(1938), on the length of the subject’s legs and the length of the crank, Dickinson (1929) has 
shown that on a standard bicycle her highest efficiency was attained with 33 complete rev/min, 
the efficiency versus speed curve having a flat maximum in this region. Our initial experiments 
were at about this speed. With very high rates of pedalling, care was taken to use small forces in 


order to avoid a rising oxygen debt. At low speeds it was difficult to maintain smooth pedalling 
because of dead points in each rotation. 


3 
ng 
a 
Al 
4 
a 
: 
“a 
j 
24 
x 
a 


SS 


COST OF NEGATIVE WORK 383 


| | RESULTS 
In all experiments less oxygen was consumed when the subject was resisting 
than when he was pedalling forward, and the subjective effort was also 
clearly less. 

Three speeds of pedalling were used in the experiment summarized in 


‘Table 1. With 35-4 complete revolutions of the pedals per minute, subject A, 


doing positive work, used 0-70 1. O,/min in excess of his resting rate, compared 
with 0-19 ]./min by the resisting subject B doing the same amount of negative 
work, When their positions were reversed the oxygen consumptions were 


Ratio of 
Oxygen consumption (1./min) excess 
speed Positive Negative above 
Subject (revs/min) Resting work resting value 
B.C.A 25-0 0-33 1-16 0-64 2-4 
J.M.R. 25-0 0-37 1-28 0-80 
B.C.A. 35-4 — 1-03 0-52 3.7 
J.M.R. 35-4 1-06 0-56 
B.C.A. 52-0 — 1:71 0-61 5:2 
J.M.R. 52-0 2-14. 0-69 


0-69 1. O,/min by B doing positive work and 0-191. 0,/min by A resisting. 
Thus at this speed the positive work cost, in oxyese, 3-7 times as much as 


o 


Ratio of forward and backward oxygen consumption 


1 
20 40 - 60 80 
Pedalling speed, complete revolutions/min 
Fig. 2. The ratio of oxygen consumption in forward pedalling to oxygen consumption in resisting, 
for equal amounts of positive and negative work, plotted against frequency of Ee 
The oxygen consumptions are in excess of the resting value. 
did an equal amount of negative work. This figure is the ratio of the sums of 
the oxygen usages for positive and negative work respectively. 
The ratio varied with speed: it fell to 2-4 at 25-0 rev/min and rose to 5-2 at 
52 rev/min. In ‘Fig. 2 the ratios obtained from all experiments are plotted 
against speed of pedalling. Although there is considerable scatter in the 
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points there is no doubt about the main trend: the relative cost of — 
work decreases as speed increases. 

The gauge in front of each subject gave an indication of the mean force — 
exerted. This force was maintained constant during each experiment so that, 
the speed of pedalling being known, the rate of doing work could be calcu- 
lated. In Fig. 3 the rate of oxygen consumption for one subject B.C.A. is 
plotted against rate of working for both positive and negative work. The rate 
of oxygen uptake increases with work for positive working, but, as can be 
seen from the figure, there is little change with negative work: from 150 to 


. 05-4.— Free-wheeling (mean) 
Resting (mean) 
— 1500 1000 —500 0 + 500 +1000 +1500 
Work (kg m/min) 
Fig. 3. Variation in the rate of oxygen consumption with the rate of work in pedalling 
for both positive and negative work. 


1300 kg m/min of negative work the rate of oxygen consumption hardly 
changes. In these experiments the rate of working was varied mainly by 
changes in speed. Some changes in force were unavoidable, however, and 
a further more detailed study of this small variation in oxygen consumption 
with speed, at constant force, is desirable. 

Because oxygen consumption rather than oxygen requirement was measured, 
the results depend on the existence of a steady state at the time of collection. 
The total ventilation rate of one subject, B.C.A., for positive work in the 
whole series of experiments is plotted i in Fig. 4 against his oxygen consumption. 
The smoothness of the curve is an indication that the subject. was in nearly 
the same condition from day to day, and from its linearity it might be expected 
that before and during the collection period a steady state had been reached; 
for, if an O, debt were accruing, the points at high ventilstion, rate toa lie 
above the line. 


In one experiment, at a high pedalling speed and high rate of working, the 
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oxygen debt was determined approximately. After the usual experimental 
procedure a further collection of expired air was taken for a period of 10 min 
after cessation of the exercise. Although the oxygen consumption was high, 
about 2-5 1./min in positive working, the oxygen debt was small, about 21. in 
10 min of exercise, This oxygen debt probably accrued during the first few 
minutes, but it would be too small to have much effect on the results even if 
spread over the whole period. 


Ventilation rate (I./min) 


. 
T 


0 3 10 20 30 
Oxygen consumption (I./min) 


_ Fig. 4. Ventilation rate plotted against total rate of oxygen consumption of one subject (B.C.A.) 


obtained from all experiments when he was doing positive work. 


| DISCUSSION 
It is clear to the cyclist that he exerts more effort when pedalling forward than 
when resisting, and this is confirmed by the difference in oxygen consumption. 
The difference can be explained with the help of Fig. 5: the solid line is the 
force-velocity curve for human arm muscles during shortening as obtained by 
Wilkie (1950) on one of the subjects of the present experiments (J.M.R.). 
The force-velocity line can be extrapolated backwards with a discontinuity of 
slope as shown diagrammatically in Fig. 5 (cf. Katz’s (1939) experiments with 
maximally stimulated frog muscle). The faster a muscle shortens the less force 


It can exert: in imposed lengthening, however, the force exerted by the 


muscle increases with the speed up to a certain limit. Consider a single fibre 

shortening with velocity v, : it exerts a force P,. A similar fibre being stretched 

at velocity v, resists with a larger force f,. The total force exerted by a muscle 

is determined by the product of the force in a single fibre and the number of 
PH. OXVII. 25 
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fibres active. In our experiments both subjects exerted the same force, and 
the forward cyclist must have had f,/P, times as many fibres in action as the 
resisting cyclist, provided that the frequency of excitation was the same in 
both cases. This difference in the number of fibres used for the two motions must 
necessarily be reflected in the oxygen consumption, and the ratio of these 
consumptions has been taken as an index of the fibre activity. | | 
It can be seen from Fig. 4 that at a higher speed v,, the ratio f/P will also 
have risen since f is increased and P is diminished—and the ratio of the oxygen 
consumptions will be correspondingly greater. The conformity of our results 


Force exerted 


P, 


Lengthening Velocity Shortening 


Fig. 5. A diagram of the relationship between force and velocity of shortening for human muscle: 
P, and P, are the forces exerted by a single fibre shortening at velocities v, and v,; f, and f, 
are the forces when the fibre is being stretched at the same velocities v, and v,; P, repre- 
sents the isometric tension of that fibre. . 


with the theoretical conceptions is evident from inspection of Fig. 2. Although 
at zero speed a ratio of unity must occur, it was not possible to approach this 
experimentally; at very low speeds the motion could not be made uniform 
because of dead-points when the cranks were vertical. 

We have considered so far, for simplicity, the case in which all the muscle 
fibres involved are excited at the same frequency, giving a more or less com- 
plete tetanus; even at frequencies where the individual fibre responses are 
_ unfused, the total response can be smooth if groups of fibres are stimulated 
out of phase from each other. Oxygen consumption will then be proportional 
to the number of active fibres and can be used as a measure of the muscular 
effort. In the living animal, however, a tension below the maximum is 
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characterized by the asynchronous excitation of many motor units at fre- 
quencies below that for a completely fused tetanus and is varied by altering 
the frequency of excitation as well as the number of motor units employed _ 
(Creed, Denny-Brown, Kecles, Liddell & Sherrington, 1932). The oxygen 

consumption of the muscle increases with tension exerted, but not necessarily 
ina simple manner. Bronk (1930) measured the economy of isolated muscles 
at different frequencies of stimulation, defining economy as the ratio between 
the area under the tension-time curve and the total heat liberated during 
a contraction. Since total heat production is related to oxygen consumption 
and provides the most accurate available method for measuring that con- 
sumption, Bronk’s results enable us to correlate tension exerted with oxygen 
consumed. At stimulus frequencies below that for a completely fused tetanus 
and extending into the range where the responses of the muscle are discrete 


- with no sign of summation, the economy of contraction increases with 
frequency. Thus, in any fibre, the heat liberated and hence the oxygen 


consumed in maintaining the contraction increases less rapidly with frequency 
of stimulation than does the mean tension exerted. 

Therefore, for the cyclist pedalling at constant speed in the conventional 
forward direction, oxygen consumption increases with rate of working as more 
fibres are recruited, but not in a simple manner since the economy of the 
fibres also increases. When the speed of pedalling is raised, further recruit- 
ment and a higher oxygen consumption will occur. A measure of the subject’s 


_ effort and of the activity of his muscles (when well below maximal) is thus 


supplied by the rate of oxygen consumption, although the correlation is not 
as direct as our first simplified example would suggest. 

The cyclist resisting the movement had stretches imposed on his muscles. 
An active muscle resists stretch with a tension greater than the isometric 
value under the same conditions of excitation: the area under the tension- 
time curve is increased by imposed lengthening both for fused and for unfused 
tetani (Abbott, unpublished). The cyclist therefore can resist with a force 
equal to that exerted by the ‘forward cyclist’ (whose muscles are shortening) 
with less fibres and/or with a lower frequency of excitation of the fibres. One 
other factor helps to reduce the effort when resisting. The forces used during 
these experiments were well below maximal, and most of the responses of the 
motor units were probably unfused. Each imposed stretch would extend over 
many twitches of the active units and so would overlap both active and 
relaxation phases. Some of the work done during the rising phase of a twitch 
may be absorbed (Abbott e¢ al. 1951) by the contractile mechanism so 
diminishing the oxygen consumption, but all the work done during relaxation 
would be degraded into heat and cannot be expected to influence the oxygen 
consumption. Over the range of speeds used the oxygen consumption needed 
for resisting did not vary much with speed (Fig. 3). 
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In all experiments in which oxygen usage is related to exercise the oxygen 
in excess of some reference level is required. We have used as our baseline 
the oxygen consumption of a subject when seated at rest on the bicycle. 
During a bout of pedalling some extra energy is used in placing the limbs and 
maintaining balance. For our purpose the magnitude of this effect was small, 
as seen from one experiment in which the pedalling forces were kept small 
enough to involve negligible work. The oxygen consumption of both subjects, 
whether free-wheeling backwards or forwards, increased above the resting 
value of 0-351. O,/min by only about 0-1 1./min. when the pedals revolved at 
33 rev./min. Taking a higher baseline would only serve to increase the ratio of 
forward 'to backward oxygen consumption. 

The physiological cost of negative work is considerably less than that 
of positive work, and the difference increases with speed of movement. For 
the investigation of this cost, other types of exercise could have been used, 
such as climbing up and down a rope; in descending, fewer fibres would be 
required to bear the subject’s weight than during ascent—or a lower fre- 
quency of motor-neurone discharge. It is important, however, to employ 
muscle movements which are truly comparable in the two directions, ‘mirror 
images’ both in placing the limbs concerned and in the time sequence of activity. 
The obvious example of walking up and down stairs fails to satisfy this criterion, 
for the procedures are quite dissimilar. In going downstairs, the muscles are 
tensed only towards the end of each step, and provide a controlled deceleration. 
The only permissible mode of descent in such experiments would be to walk 
backwards down the stairs (not an easy habit to acquire) when all the leg 
movements would correspond to those in ascent. In the experiments of 
Chauveau (1901) great care was taken to ensure this symmetry of movement, 
but the recent ones by Orsini & Passmore (1951) ignore the requirement. 

It is known from work on isolated muscles (Abbott ¢ al. 1951) that when 
an active muscle is stretched some of the work done on it disappears. Since 
this work does not reappear either as heat or as mechanical energy, it might 
have been used to stop or reverse some chemical process normally providing 
energy in the muscle. This, in turn, might reduce the oxygen required by the 
system to maintain the muscle activity. We originally expected that this might 
provide an appreciable contribution to the decreased cost of negative work, 
but the observed decrease proved to be much too large for this contribution 
to be the chief factor. The work absorbed by a muscle cannot be expressed 
directly in terms of an equivalent decrease in oxygen consumption, as Orsini & 
Passmore (1951) apparently suggest. They seem to have assumed implicitly 
that in walking downstairs the oxygen is required merely to maintain posture 
during the movements, and is decreased by the oxygen equivalent of the work 


done on the subject by gravity. Such an assumption has no > experimental 
justification. 
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APPENDIX 
The results of these experiments could have been discussed in terms of muscle 
viscosity, to which much attention has been given in the past. But simple 
viscosity within a muscle would be expected to result in a linear relationship 
between force exerted and velocity of shortening. This is not found experi- 
mentally as can be seen from Fig. 5 and has been discussed by Fenn & Marsh 
(1935). Hill’s characteristic equation (1938), however, does satisfy the experi- 
mental findings and permits analysis of the mechanical properties of muscle 
without resort to physical models that have no real significance. Some 
complex form of viscosity could be postulated, but until more is known 
of the mechanism involved in muscular contraction it would seem more 
convenient to regard the force-velocity curve as simply one of the properties 


of muscle. . 


Simple viscosity does enter into the pedalling movements: bending the 
various limb joints as well as movements of the skin over the muscles and 
even relative displacements of the fibres within the muscles introduce viscous 


resistances. These would all tend to increase the task of the forward cyclist 


and reduce that of the resisting cyclist. But this contribution is small as can 


_ be seen at once from the slight difference in oxygen consumption between rest 


and free-wheeling shown in Fig. 3. 


SUMMARY 
1. The physiological cost of negative work has been studied using a pair 
of subjects on two bicycle ergometers coupled in opposition. The oxygen 
consumption for positive work was compared with that for the same negative 
work, the leg muscles exerting the same forces, in similar movements at the 


same speed. 
2. Positive work always costs more than negative work. At a pedalling 


__ speed of 35 rev/min the ratio of oxygen consumptions for the two tasks was 


3°7. This ratio increased with speed of pedalling. 
3. The results are discussed in terms of the characteristic relationship 
between force and velocity for muscle. 


We wish to express our thanks to Prof. A. V. Hill and to Prof. G. L. Brown for help and 
encouragement throughout these experiments. 

We are also indebted to Prof. G. P. Crowden for lending us one of the bicycle denote, and 
to the Physiological Department of the National Institute for Medical Research for the Brodie 
bottles. | 
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ON THE BLOOD FLOW THROUGH RHYTHMICALLY 
CONTRACTING MUSCLE BEFORE AND DURING 
RELEASE OF SYMPATHETIC 
VASOCONSTRICTOR TONE 


By H. BARCROFT, A. C. DORNHORST, H. M. McCLATCHEY 
AND J. M. TANNER 


From the Department of Physiology, Queen’s University Belfast, and 
| the Medical School, St Thomas’s Hospital, London 


(Recewed 8 February 1952) 


The blood flow through a muscle is characteristically increased during, and 
for some time after, its activity. In 1938 Grant showed that this increase did 
not depend on the integrity of the sympathetic nerves, and he attributed it 
to the local action of metabolites. Nevertheless, the sympathetic nerves do 
influence muscle blood flow, for Barcroft, Bonnar, Edholm & Effron (1943) 
have shown that when vasomotor activity is inhibited the blood flow through 
resting muscle is conspicuously increased. One might reasonably expect that 
a muscle entering exercise in this condition would be at an advantage in that 
the necessary level of blood flow would be more quickly reached, and thus 
a smaller metabolic debt incurred. 

The experiments now to be described were done to study the effect of 
releasing sympathetic tone on the circulation in muscle during rhythmic 
exercise. 

Principle of the method 

It was assumed that the extent and duration of the hyperaemia following 
a standard exercise would be directly related to the concentration of metabolites 
in the muscles at the end of the exercise, and so would be inversely related to 
the total amount of metabolically available blood passing through the muscle 
during activity (Grant, 1938; Abramson, Katzenstein & Ferris, 1941). If this 
amount were increased by some procedure then, other things being equal, the 
post-exercise debt would be reduced. To see if release of vasoconstrictor tone 
had this effect, post-exercise blood flows were recorded under standard con- 
ditions before and after releasing vasomotor tone in the muscles by warming 
the body, and the results were compared. 
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EXPERIMENTAL 


The subjects were healthy males aged 20-45 years. Experiments were done on the calf of the leg 
and the forearm. 

Calf: series 1. Experiments were done on fourteen subjects. Room temperature was 20° C+ 1°. 
A water-filled plethysmograph was fitted to the calf of the leg, and the temperature of the water 
was maintained at 34° C (Barcroft & Edholm, 1943, 1945). The subject rested on a couch for 
30 min while blood flows were recorded at 3 min intervals. He then performed five exercises 
lasting }, }, 2, 1 and 2min respectively, To perform an exercise the subject pressed down a weighted 
pedal with the ball of his foot once per sec to the sound of a metronome. The apparatus has been 
described by Barcroft & Dornhorst (1949). After pressing down the pedal the subject relaxed the 
calf muscles as completely as possible and the weighted pedal restored the foot to its original 
position. The exercise was performed simultaneously with both feet on separate pedals to avoid 
movements of the pelvis. Records of the blood flow were made 0, 10, 20, 30, 45, 90 and 120 sec 
after each of the five exercises. | 

After doing the exercises and recording of the blood flows the subject was warmed to release 
vasoconstrictor tone in the calf muscles. The body was covered with blankets and one arm was 
immersed to above the elbow in water at 45° C, An initial period of about ? hr was allowed for 
the release of constrictor tone (Barcroft, Bonnar & Edholm, 1947); during this time the continued 
arrival of warm venous blood from the arm usually raised the body temperature to about 100° F. 
The five exercises were then repeated, the blood flows being recorded after each. Body heating 
continued during this procedure. Throughout the whole experiment the temperature of the water 
surrounding the calf in the plethysmograph was kept at the original temperature of 34° C. 

To enable the reliability of the results to be tested, each subject returned on another day and 
his post-exercise blood flows were recorded once more. The second part of the experiment in 
which the body was heated was not done. 

Calf; series 2. Experiments were done on nine subjects. Exercises of 1, 2, 4 and 8 min were 
performed before and during body heating. In the case of the longer exercises recording of the 
post-exercise blood flows continued for 5 min. In other respects the procedure was the same as 
in series 1. 

Forearm, A small series of experiments was done on four subjects. A water-filled plethysmo- 
graph was fitted to the upper part of the forearm; the temperature was kept at 34° C throughout 
the experiment. After an initial rest with recording of the forearm blood flows the subject per- 
formed three exercises each lasting 3 min. To do an exercise he gripped two vertical bars about 
ee The proximal one was rigidly fixed, the distal one raised 
a suitably weighted lever. The was ted every second to the sound of the metronome. 
Between. contractions the muscles were ; relaned as completely as possible. The blood flows were 
recorded 0, 3, 4, #, 1, 14, 2, 3, 4 and 5 min after each exercise. After this the subject’s body was 
heated by covering with blankets and immersing both feet to above the ankles in water at 45° C 


and after } hr while the heating continued, the exercises were repeated and the blood flows 
recorded for the second time. 


RESULTS 

Calf: serves 1. Table 1 shows the blood flow recorded on each of the fourteen 
subjects after one of the exercises, the # min one. The averaged results are also 
shown. Considerations of space prevent the presentation of similarly complete 
data for the blood flows recorded on each of the subjects after the other 
exercises, 

Fig. 1 shows the averaged results of the whole series. Comparison of the 
results obtained on the first (circles and continuous lines) and second (dots 
and broken lines) occasions shows that they were in very good agreement. 
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TaBtE 1. Blood flow in the calf after exercising calf muscles for } min 
(Blood flow ml./100 ml. calf/min) 


° "Time in sec from end of exercise 
er 0 10 20 30 45 60 90 120 
or Subject Before heating body 
es no. 
d 1 12-9 9-6 5:7 3-9 3-4 2-7 2-5 3-0 
9 2 150 156 120 1-5 45 4-2 3-3 3-3 
‘2 3 129 108 6-6 4-2 3-3 2-1 2-4 2-1 
4 13-5 9-9 8-7 5-1 3-9 3-6 3-0 3-3 
al 5 70 106 5-0 3-6 2-6 2-2 2-2 20 . 
id 6 213 108 1:2 5-1 3-9 3-1 2-5 2-2 
q 405 180 #110 6-7 46 45 42 47 
8 15-3 9-4 1-4 3-1 3:3 3-4 3-0 2-8 
9 160 13-2 8-8 6-4 5-2 56 5-1 5-0 
se 10 225 - 165 144 7-8 6-0 5-4 4-5 43 
- } ll 13-8 8-1 49 47 3-7 3-4 2-9 3-1 
* 12 13-3 8-5 4:3 4] 3-3 3-7 3-1 3-5 
‘a 13 164 180 108 8-6 6-8 5-6 6-1 6-3 
“ 14 110 8-8 6-6 6-7 3-3 1-9 2:3 2-4 
. Av 165 1146 8-1 5-5 41 3-7 3-4 3-5 
er During body heating 
1 17-4 11-7 6-3 6-6 3-9 40 3-9 3-9 
d 2 160 147 185 108 8-4 6-3 6-0 6-3 
3 «1860S 8-4 7-8 9-0 1-5 
in 4 186 150 11-7 8-4 6-6 
5 182 128 8-4 8-3 6-8 6-3 6-5 1-0 
re 6 201 138 132 108 7:8 8-4 9-0 9-3 
7 270 9-0 7-6 6-7 6-7 
8 255 126 128 £1165 9-8 8-5 9-5 9-5 
” 9 180 190 154 133 120 Id 210 103 
10 41-1 270 24 195 149 147 9-0 9-2 
o- 11 18-0 120 9-6 6-1 7-2 6-4 6-7 6-2 
et 12 195 186 116 102 9-0 95 101 9-1 
13 2003 #150 122 112 9-8 9-6 8-8 9-2 
14 12-7 108 9-2 8-5 7-8 6-2 6-8 6-5 
Av. 158 121 104 86 81 #77 174 
ie. Repeat without heating body 
1 2004 156 11-7 7-8 6-0 4-2 40 3-9 
oe 2 225 120 108 5-1 4-2 3-0 3-0 3-0 
3 20 183 123 15 46 48 4-0 4-2 
ws | 5 11-7 71-2 3-0 2-4 2-1 18 15 
6 180 126 6-0 5-8 5-0 2-4 2-4 2-6 
7 244 13-4 14 48 3-8 3-2 3-2 3-2 
7-8 1-8 5-4 48 4-8 43 2-6 18 
9 180 156 11-4 9-0 5-4 5-4 5-7 5-4 
“0 10 12:9 9-0 9-9 6-0 5-4 4-2 42 3-9 
30 ll 156 126 8-1 6-0 3-9 3-6 3-6 3-3 
12 11-1 1-6 5-4 4:3 3-0 3-3 2-4 3-0 
te 13 260 192 134 £24118 96 . 92 1:8 8-8 
14 10-6 9-0 6-3 35 2-0 2-0 2-0 
Av. 176 132 9-4 6-3 48 41 3-6 3-6 
he 


he 
a 
ig 
a 
Z 


‘sqoo[qns UO Jo 
(@---@) Apoq jo Bunvoy Aep uo ‘Apoq oy} Sumvoy (x x) Supmp 

soanuip 
| T T T 7 T T T T 0 


i=) 


R 


H. BARCROFT AND OTHERS 


| 
; 
‘ 
) 
a > 
3 
f 
- 
4 
> 
a e 
ac 
‘ 
e 
3 
4 
4 


BLOOD FLOW IN ACTIVE MUSCLE 396 


Comparison of the resting blood flows on the unheated subjects in the first 
experiment (circles and continuous lines) with those obtained later in the 
same experiment during body heating (crosses and continuous lines) shows 
that the blood flow was about doubled by releasing vasoconstrictor tone, as 
found previously by Barcroft et al. (1947). 

Apart from the difference in the general level of the flow the post-exercise 
blood flows obtained before and during heating of the body look very much 
alike. So as to compare them more closely they have been redrawn in Fig. 2 
after subtraction of the respective post-exercise resting rates (which will be 
seen in each case under the letter R in Fig. 2). Warming the body did not cause 
any consistent alteration in the pattern of the post-exercise blood flows. The 
blood debts (areas under the curves) after each of the exercises will be seen 
under the letter D in Fig. 2. After the } and } min exercises the debt was 
slightly less during heating, after the ? min one it was the same, and after the 
1 and 2 min ones it was slightly more. | 

The results of all the exercises done before heating have been averaged, as 
have the results of all those done during heating; the two resulting curves are 
shown in Fig. 4. The averaged resting blood flows have been subtracted in 
each case. ‘The agreement between the two curves is remarkable; the difference 
in the debts is only 3%, the debt contracted during heating the body being 
slightly the greater. ee 

Calf: series 2. Fig. 3 shows the averaged results of the post-exercise blood 
flows obtained on nine subjects, after subtraction of the respective average 
rates of flow. The blood debt recorded during heating was slightly increased 
after the 1, 2 and 4 min exercises and slightly reduced after the 8 min one. 
Fig. 4 shows the averages of all the post-exercise flows obtained before and 
during heating respectively after subtraction of the average resting rates in 
each case. As in series 1, the behaviour of the circulation after exercise was 
the same whether the body was being warmed or not. The difference in the 
blood debts was only 5%, the debt contracted during warming the body being 
slightly the greater. 

Forearm. Experiments were done on four subjects only. Fig. 4 shows the 
averaged results of all the post-exercise blood flows recorded before and after 
heating respectively. The resting rates have been subtracted. In this case, 
too, warming the body had little effect on the blood debts. That recorded 
during heating was the smaller by 10 %. | 

The results obtained on the calf and forearm may be summarized as follows. 
Warming the body did not produce any consistent change in the pattern of 
the post-exercise hyperaemia. During the warming the debt was slightly 
increased in the 1, 2 and 4 min calf exercises and in the forearm ones. It was 
slightly reduced in the }, } and 8 min calf exercises and in the averaged results 
of all the calf exercises in'series 1 and 2. 
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Calf 
Series 1 Series 2 
20 R D | 
36 40 
78 


= 


Excess of blood flow above resting rate (ml./100 ml. limb/min) 


0 1 2 3 4 

Minutes | 

Fig. 4. Composite curves of excess blood flow over resting rates of flow recorded following exercises 

performed before (O——O) and during ( x x) warming the body. R, post-exercise 

resting rates before and during warming the body respectively. D, blood debts, in ml., before 
and during warming the body respectively. 


DISCUSSION 
On the assumption outlined in the introduction, we expected that the blood 
debts would be consistently less when the exercise took place during warming 
the body. Figs. 1-4 make it plain that this was not the case. Indeed, very little 
difference can be seen between the debts obtained before and during heating; 


39 «8-4 
q 91 85 
15 
3 10 
q \ 
5 | 
4 
\ 
eS 
Forearm 
20 
40 155 
3 107 140 
10 
5 
° 
4 
e 


oO 


BLOOD FLOW IN ACTIVE MUSCLE 399 


what difference there is appears to be of the same general order as that between 
the debts when the exercises are done without heating on different days 
(Fig. 1). 

As warming the body and releasing tone did not affect the blood debt, it is 
unlikely that it can have affected the concentration of the metabolites in the 
muscles at the end of the exercises or the metabolically available blood flow 
through them during activity. Therefore it is unlikely that the vasomotor 
centre plays any useful part in the regulation of the changes that occur in 
muscle blood flow as a result of rhythmic activity. 

The only escape from this conclusion appears to be the following one. 
Warming the body as described raises the mouth temperature 4-1° C. Con- 
ceivably this might bring into play two new factors, each of them tending to 
alter the blood debt. 

(i) The release of tone by the vasomotor centre causing increase in muscle 
blood flow during exercise, tending to reduce the debt. 

(ii) Increase in the temperature of the muscles causing increased metabolism 
during exercise, tending to increase the debt. 

The equal and opposite action of these two factors might account for the 
fact that warming the body does not alter the blood debt. However, as warming 
the body by the method used in these experiments did not affect the resting 
blood flow in the sympathectomized forearm (Barcroft e al. 1947) it seems 
unlikely that it would have done either in the forearm or calf in the present 
investigation. | 

It is indeed curious that releasing sympathetic tone and increasing muscle 
blood flow (Barcroft et al. 1943, 1947) should have no effect whatsoever on 
the debt contracted during exercise. With sympathetic tone released, the 


muscle entered and emerged from exercise with a flow greater than that of 


the control, and it seems almost inevitable that the flow during exercise was 
higher too. Yet this surplus was apparently no advantage. The explanation 
of this is unknown. It is, however, possible that there are two separate 
circulations in muscle, one under sympathetic control and unrelated to muscle 
metabolism, the other subservient to metabolic needs. On this hypothesis the 
basal level of the circulation in skeletal muscle could be controlled by the 
vasomotor centre while the circulatory changes during activity proceeded 
quite independently. However, the anatomical evidence for two circulations 


is inconclusive. There is no suggestion of their existence in Spalteholtz’s | 


classical description of muscle blood vessels (1888). On the.other hand, 
Zweifach (1949; personal communication, 1951) has recently seen minute 
arterio-venous anastomoses in muscle and found them to be controlled by 
sympathetic nerves. It is important to see if this can be confirmed. 

While we have shown that a decrease of the normal degree of sympathetic 
tone does not facilitate the local circulatory adjustments in exercising muscle, 
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it does not follow that an increase of sympathetic tone above the normal would 


not prove a hindrance, since in these circumstances larger vessels supplying 
both types of circulation might be constricted. 


SUMMARY 

1. The effect of releasing sympathetic vasoconstrictor tone on the circula- 
tion in the muscles of the calf and forearm during rhythmic exercise has been 
examined. 

2. Sympathetic tone in the muscle vessels was released by slightly raising 
the body temperature. 

3. This did not reduce the blood debt following standard exercises. 

4, On the assumption that the blood debt is inversely related to the amount 
of metabolically available blood passing through the muscle during activity, 
it is concluded that this amount is not increased by release of sympathetic 
tone. 

5. It is therefore unlikely that the local circulatory response to rhythmic 
contraction is facilitated by inhibition of nervous vasoconstrictor tone. 

6. The basal level of the circulation in skeletal muscle is controlled by the 
vasomotor centre, but the changes taking place during activity appear to 
proceed quite independently. A possible explanation is suggested. 

The authors wish to thank the subjects for their assistance, also Dr R. H. Sloane and Mr J. Wylie 


for the design and construction of the apparatus used for the calf exercises, and the Medical 
Research Council for financial aid. 


The experiments performed at Queen’s University, Belfast, were done in January 1948. 
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INHIBITION AND EXCITATION IN SPINAL 
REFLEX ACTIVITY 


By T. GUALTIEROTTI 
(Fellow of the Rockefeller Foundation) 


From the Physiological Laboratory, University of Cambridge 
(Received 29:November 1951) 


Previous work (Martini, Gualtierotti & Marzorati, 1943) has shown that, in 
mammals, suppression of spontaneous activity in the spinal cord is induced 
by excitation of a midbrain centre from the cord itself. The locus of this action 
is situated in the midbrain reticular substance on each side of the mid-line, 
and the same effect is also produced by direct stimulation of this centre. 

Various authors have described inhibitory and excitatory effects on spinal 
activity following stimulation of higher centres. These centres have been found 
in several parts of the brain, principally in the reticular formation between 
cerebellum and diencephalon (Lloyd, 1941), in the anterior cerebellar lobes 
(Snider, McCulloch & Magoun, 1949), in the midbrain (Gerebtzoff, 1949) and 
in the medulla oblongata (Magoun, 1950). But it is not yet clear whether 
there are only inhibitory centres, or only excitatory centres, or both, in the 
midbrain. Magoun insists that no inhibitory effect can be elicited from higher 
levels than the medulla, and that every inhibitory action obtained from the 
midbrain and the diencephalon is due either to damage of the excitatory 
system or to indirect excitation of the bulbar reticular formation. However, 
Hess (1931) and Martini et al. (1943) obtained chiefly inhibitory effects from 
the midbrain without any injury. Lloyd (1941) claims that both inhibition 
and excitation may be produced by stimulating the same area. Lettwin 
(1948) stimulated the reticular substance between the diencephalon and the 
medulla, and found that inhibition and excitation were obtained from a single 
area. The effects could not be due to the cortex because they were still present 
after its removal. Austin & Jaspar (1950) obtained facilitation of cortically 
induced and reflex spinal movements from many points of the habenulo- 
peduncular complex and inhibition from tectum, dorsal hypothalamus and 
nucleus caudatus. 

The present work was planned to obtain further data on the interference 
of the various parts of the brain (from the diencephalon to the medulla) and 
of the upper spinal cord in lower spinal activity. 

PH, CXVII. | 26 
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METHOD 


Frogs deprived of the telencephalon have been used. The skin-sciatic-gastrocnemius reflex has 
been used as a test of spinal activity. The reflex was elicited by pressure on the sides of the foot: 
the results appeared nearly independent of the amount of this pressure, provided it was above 
a certain value. The pressure was kept constant in any experiment by means of a spring}which 


was extended a fixed amount each time; the pressure 
itself was maintained for a short time after the end of 
the reflex response. So each discharge of action potentials 
began soon after the beginning of the pressure and ended 
just before its end. Any discharge occurring later is 
referred to as after-discharge. 

- Square pulses (1 msec duration, 280/sec frequency: 
Martini, Gualtierotti & Marzorati, 1943, 1950; Gualtierotti, 
Martini & Marzorati, 1949) which are effective in stimu- 
lating structures of the midbrain when applied to the 
0.N.S. were applied transversely to excite the spinal cord 
at cervical or lumbar enlargement level (Fig. 1). 

Electrical activity was recorded by means of direct 
or resistance-capacity coupled amplifiers with a double- 
beam cathode-ray tube. 

The nervous system was sectioned at the following 
levels (Fig. 1): (I) between telencephalon and dience- 
phalon; (II) between diencephalon and optic lobes; 
(III) immediately caudal to the optic lobes; (IV) in the 
‘lower part of the medulla; (V) in the middle of the 
cervical enlargement; (VI) at the fourth vertebra im- 
mediately under the cervical enlargement, the upper 
part of the nervous system usually being removed. The 
section was completed with a rapid single stroke with 
a razor blade to minimize trauma; whether or not the 
section was made under anaesthesia did not appear to 
affect the final result. 

Control experiments were carried out under curare 
or monoiodoacetic acid to eliminate mechanical and 
muscular artifacts. 

Strychnine and nicotine were used either by injection 


into the dorsal lymph sac or the abdomen, or by direct 


application to the nervous system. 

In some experiments the dorsal tracts of the spinal 
cord were cut in the middle of the cervical enlargement 
in order to interrupt some of the afferent pathways to 
the upper centres. 


RESULTS 
Standard reflex (section IV). The reflex in 


the spinal frog (section IV, Fig. 1) has been 
taken as the standard with which the reflex 


Fig. 1. Diagram of the frog’s nervous 
system. I, II, III, IV, V and VI s. 
sections (see text); Z.st. points of 
application of the square current 
pulses; ¢. telencephalon; d. dience- 
phalon; op. optic lobes; }. bulb; 
3° s.n. 3rd spinal nerve; c.e. cervical 
enlargement; J.c. lumbar enlarge- 
ment. 


in other preparations is compared. In the spinal frog, any injury due to the 
cut is at a distance from the reflex centre. The reflex is repeatable with only 
slight variation over long periods in the same frog and differs little in 
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different animals in its general features, e.g. the duration lies between 


- pemoved a brief after-discharge may occur, but is often absent. 


was determined. It was found to remain constant from 0-5 to 10 hr after 
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extreme values of 3-8 sec and is usually about 5 sec (Fig. 2a). The discharge 
is continuous and slowly decreases during the pressure; after the pressure is 


Reflex activity after various sections 
At the beginning of an experiment the mean response of the preparation 


cutting, and hence any considerable departure from the mean was assumed 
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Fig. 2. (a) Diagram showing the duration of the discharge after various sections. Ordinate: 
duration of the discharges in seconds. Abscissa: number of the section. The spots indicate 
individual experiments. (b) Section III. Increasing duration of reflex during the 3 hr 
following the section. Note the large instantaneous increase in duration (15 sec) after the 
dorsal tracts are cut (at arrow). Ordinate: duration of the discharge in seconds. Abscissa: 
time after the section in minutes. 

to be due to the experimental procedure. The activity from the ventral roots 

was recorded to show both spike potentials and non-propagated activity, and 
in order to control possible artifacts from the escape of minnCle action potentials 
to the electrodes on the nerve. 
Section I. When only the telencephalon is removed (Fig. “ different frogs 
show wide variations in the duration of the response (Fig. 2a). In about 30% 
of the experiments the reflex activity is prolonged: mean 13 sec instead of 
26—2 
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5-6 sec. In other experiments the activity is similar to the standard reflex; 
in some the response is much shorter. If the dorsal roots are exposed they 
must be handled very carefully, as even slight traction may abolish all reflex 
response for some time. If the motor root is exposed without disturbing the 
dorsal roots by a lateral exposure, the reflex is present immediately after 
dissection. When dorsal roots are cut, temporary inhibition of reflex response, 
or large ‘spontaneous’ motor discharges may occur. These effects can be 
avoided by applying novocaine on filter-paper to the cut end; they appear to 
- be due to discharges arising there. 


; 


Fig. 3. Records taken (a) before, (b) immediately after, (c) 6 min and (d) 1 hr after section through 
the middle of the optic lobes (section II). All records taken from one ventral root, in d 
recorded with two amplifiers. b-c show the spontaneous continuous discharge which lasted 
7 min after sectioning the optic lobes. (a) and (d): reflex response with similar skin stimula- 
tion. Time marker: 35 sec. 


Section II. With a section between the diencephalon and optic lobes or in 
the middle of the optic lobes, for the first few minutes there is continuous 
spontaneous electrical activity in the ventral root and sciatic nerve due to 
massive impulse discharges. This shortly subsides and then there is no response 
to stimulation for about half an hour. Later, spontaneous and reflex activity 
reappears: it is limited in number of units and in duration (Figs. 2a, 3). 

Section III. In the section between the optic lobes and the medulla (some 
damage to the cerebellum and midbrain is unavoidable, but most of the mid- 
brain and the medulla are intact) there is an initial big discharge as described 
for section at leve] II; afterwards the normal reflex activity is very brief 
(Fig. 2 a); often a big after-discharge occurs. After about 2hr the reflex 
response increases in duration, and if the dorsal tracts are now cut, the 
response becomes very long (16 sec) and remains thus during the rest of the 
experiment, while the after-discharge decreases (Fig. 2). 

Section IV. Section IV gives the response taken as standard (see above). 

Section V. With section at level V the normal activity is similar to that in 

the spinal frog, but occurs in fewer motor units. When this section is limited 
to the posterior tracts, the reflex activity is identical with that in the spinal frog 
(section IV, Fig. 2a). i | 


inf 
s 
| 
} 
4 
| 
@ 
x 


lex; 
they 
flex 
the 
fter 
nse, 


1 be 


iT to 


q (Fig. 1) has little direct effect on the reflex. The only change is that the 
duration immediately becomes equal to the standard duration. 


‘ Later a characteristic synchronization develops as in the spinal frog (Fig. 6). 
4 Sometimes, a transitional phase of sinusoidal activity is observed (Fig. 4d). 


" applying strychnine on - cervical enlargement only the second phase is 
evident. 


_ synchronization of the motoneurones. This synchronization is also evident in 


22 min before the synchronous groups appeared. With complete section, when 
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Section VI. Removal of the cervical enlargement and upper nervous system 


Effect of strychnine 
Section I. The effect of strychnine has two phases. At first, reflex activity 
is increased, but the discharge is not synchronized in many motor units (Fig. 4). 


Section II. Strychnine has the same effect as in section I (Fig. 5). By 


Fig. 4. Section I. The effect of strychnine: ins somes illic weniinies (b) 4 min after injection; 
(c) 6 min after injection; (d) 7 min later. Upper record: ventral root. Lower record: sciatic — 
nerve. Time marker: 35 sec. 


Section III. Strychnine has the same effect as section I above. 

Section IV (standard). Subconvulsant doses of strychnine may double the 
amplitude and halve the frequency of potentials recorded from a needle 
electrode in gastrocnemius (Fig. 6). This appears to be due to increasing 


the first stage of convulsant doses, after which group activity appears. The 
strychnine response begins abruptly with the sinusoidal waves previously 
described. The strychnine group discharges last almost without interruption 
till the preparation is exhausted. Often the synchronization is complete: 
@ single synchronous wave takes the place of the groups of spikes (Fig. 6d); 
that this is due to synchronization of a number of units is suggested by the 
initial incomplete fusion of the potentials and the gradual decrease in ampli- 
tude as this discharge continues (Fig. 6d). 

Section V. After strychnine, if only the posterior tracts are cut, at first the 
reflex is prolonged and not synchronized: in one experiment this was seen for 
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letel 
the upper part of the nervous system 1s removed, the first phase is completely 
absent and the second is much reduced. This is illustrated in Fig. 76, where 
the only effect of strychnine is the transitory appearance of small groups of 
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Fig. 5. Diagram showing the duration of the massive reflex discharges after strychnine. Section IV 
in this case includes about half the medulla. Ordinate: duration of the discharges in seconds. 
Abscissa: number of the section. The spots indicate single experiments. 


. 


Fig. 6. Section IV (standard). Records from a needle electrode in the gastrocnemius muscle 
during standard reflex stimulation. (a) normal; (6) after subconvulsant doses of strychnine; 
(c) 3 min after convulsant doses of strychnine; (d) 6 min after convulsant doses of strychnine. 
In (b) the frequency becomes about one half that in (a) and the amplitude approximately 
doubles. In (d) a very strong synchronizing effect reduces the small groups of spikes in (c) to 
a volley of single waves of decreasing amplitude. Time marker: 34 sec. 


low amplitude potentials. After a short time the normal reflex activity 
decreases slowly till it disappears. If, after section, the upper part of the 
cervical enlargement is left in contact with the lower, the group effect does not 
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i disappear completely, but the intervals between the groups are 
prolonged and the number of potentials in each group is increased. 
Section VI. There is no potentiating effect of strychnine on the reflex 


_ whether it is given by injection into the abdomen or by direct application to 
_ the lumbar enlargement; on the contrary, the reflex activity gradually de- 
greases to nothing (Fig. 8). If a cut at level VI is made soon after group 


synchronization has appeared, normal reflex activity appears again for some 


Fig. 7. Upper record: gastrocnemius muscle. Lower record: sciatic nerve. (a) section I. Spon- 
taneous discharge 20sec after the injection of nicotine into the abdomen. (5) section V. 
5 min after strychnine; strychnine bursts are seen only in the middle of a normal reflex 
response. After the beginning of-the strychnine effect, potentials of much greater amplitude 
may be seen; the activity of the nerve suddenly becomes visible, although the gain was such 
that the normal potentials could not be recorded. (c) section III. A single wave discharge 
decreasing in amplitude after lasting 8 sec follows direct stimulation of spinal cord (see text). 
Time marker: #5 sec. 


minutes. But a cut made later does not restore normal reflex activity. In 
the untreated spinal frog a cut at level VI has little effect. In all these prepara- 
tions, when the upper part of the nervous system is not removed, the muscles 
of the frog in the area connected with the part of the spinal cord = the 
cut show typical strychnine convulsions. 


| Effects of nicotine 
Section I. Twenty seconds after nicotine has been injected into the abdomen, 
big spontaneous discharges appear and continue for 20 min with short inter- 


‘Tuptions and then gradually disappear during the next 10 min (Fig. 7a). The 


reflex activity can only be tested between the bouts of spontaneous activity 
which it then resembles. 
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Section III. Nicotine has the same effect as in section I. If, in addition, 
the dorsal tracts are cut the nicotine effect is altered. The spontaneous dis- 
charges become shorter with more frequent intervals. It was impossible to test 
reflex activity in these conditions. 

Section IV (standard). Nicotine has no excitatory effect in the spinal frog, 
but abolishes reflex activity in about 4 min (Fig. 8). If used in conjunction 
with strychnine, nicotine increases the frequency of groups; at the same time 
the number of spike potentials in each group is reduced. 

Section VI. Nicotine abolishes the reflex activity as in the spinal ‘frog 
(Fig. 8). | | 


7 


Fig. 8. Diagram showing exhaustion of reflex activity after nicotine and strychnine. Ordinate: 
duration of discharge in seconds. Abscissa: time in minutes after injection of the drugs or 


their application to the lumbar enlargement. - - - - - , section IV after nicotine injection; 
, section VI after strychnine injection; -—--- -, section VI after strychnine applicati 
; pplication | 
to the lumbar enlargement. At w it is washed off; ......... , section VI after nicotine injection. — 


Effects of electrical stimulation of central structures | 

Section I. During stimulation (square pulses, 15 V at 280/sec for 5 sec) 
applied on the external sides of the second vertebra, a massive discharge of 
impulses is seen in the ventral root followed by an after-discharge of about 
0-5-1 sec; and then for about 10 min no reflex response can be obtained. The 
response slowly returns to normal and sometimes is enhanced. The reflex is 
not inhibited by central stimulation if (a) the posterior tracts are cut above 
(but not below) the level of the stimulus; (b) the strength of stimulus is reduced, 
although a discharge still occurs during stimulation and is followed by prolonged 
firing of many units; (c) the preparation has been kept for many hours: the sup- 
pression of the reflex does not occur although the reflex itself is still normal; 
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(d)repeated injuries are produced by dissection, especially of the posterior roots; 


. (e) the adequate stimulus is only applied for about 0-5 sec: only the immediate 


excitatory effect is seen. After strychnine the reflex is only momentarily in- 
hibited by central stimulation. Spontaneous activity is suppressed (Fig. 94, 6), 


but 15 sec later one or two groups of spikes are elicited by the reflex stimula- 
_ tion, and after 1 min the strychnine activity is completely restored (Fig. 9). 


Fig. 9. Section I. The prolonged spontaneous strychnine discharge is suppressed by square pulse 


stimulation. (a) spontaneous strychnine bursts before stimulation, a1: immediately after 
stimulation. During a1-—2-3 interruption of the spontaneous discharges occurs: a slow 
potential in the motor root which appeared during the stimulation progressively decreases 
to nothing. a4: reflex stimulation elicits a reduced response. Intervals between a1, 2, 3 and 
4 are $ sec each. The suppression lasts about 1 min. (b) reflex response 1 min later; the 
reflex stimulation elicits strychnine bursts which continue spontaneously after the end of 
stimulation. (c 1-2-3) the same experiment in the same preparation after cutting the dorsal 
tracts in the upper third of the cervical enlargement about 2 mm above the point of applica- 
tion of the electric stimuli. Interval between cl and 2 is 3 sec; between c2 and 3 is 2 sec. 
Note the lack of suppression and the big discharges which follow the stimulation. Upper 
record: nerve (except in a1 and 2). Lower record: ventral root at very low gain. At cl-2-3 
the gain is increased to show the fast activity. Time marker: ;'5 sec. . 


If the stimulus is weakened the reflex response is not suppressed but is reduced 
to three or four groups of spikes which are further apart and involve fewer 
motor units. 

Section II. It differs little from section I above, but the suppression of the 
reflex is not so long. 

Sections III-IV. When the cephalic end of the medulla is damaged, stimula- 
tion does not suppress the reflex, but it elicits a series of synchronized dis- 
charges which lasts for several seconds (Fig. 7c). The potentials are of longer 
duration than normal, occur with almost constant frequency, and gradually 


‘decrease in amplitude. The reflex response was first tested 3 sec after the 
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square pulses; it was then normal. When the section is made further back in 
the medulla, stimulation was found not to suppress the reflex. 

Section V. With complete section, and removal of the upper part, stimulation 
results in a very short after-discharge and there is no suppression of the reflex 
even immediately after stimulation. When only the posterior tracts are cut 
there is the same absence of suppression; but the immediate response to the 
stimulus is prolonged and increased. Som 

Section VI. Stimulation across the lumbar enlargement produces a large 
discharge, with short after-discharge, and no suppression of the reflex at all: 
2 sec after the current a normal reflex response is obtained. 

If curare sufficient to block neuromuscular transmission or monoiodoacetic 
__ acid be injected, the results described above are little or not at all altered. 


DISCUSSION. 

The great variability of reflex response seen in frogs with only the telence- 
phalon destroyed is well known. The present work is an attempt to trace what 
parts of the nervous system are responsible for this variability and how they | 
may be activated from lower parts of the o.Nn.s. or from the periphery. 
A reflex which is relatively inflexible in the spinal animal is greatly modified 
by the presence or absence of the brain stem, and it is shown here that this 
modification can be altered by impulses arising from stimulation of the spinal 
cord itself and also (reported separately) by impulses from the periphery, all 
these effects being abolished by cutting the spinal tracts: from which it is 
concluded that ascending impulses are responsible. The upper centres can 
cause facilitation or inhibition of the spinal reflex; this does not appear to be 
determined by the locus but by the intensity of the effects produced by 
stimulating the spinal cord. | 

Previous work on mammals seems to show similar effects which various 
authors (Lloyd, 1941; Martini et al. 1943; Gerebtzoff, 1949; Magoun, 1950) 
have ascribed to the reticular formation: some have suggested that its function 
is to control the nervous system with special centres for each part of it. 
Whether the effects are excitatory (as Magoun, McCulloch, Moruzzi, etc., 
claim) or inhibitory (according to Hess, Martini, Gualtierotti & Marzorati, etc). 
has been a matter of dispute. The present results suggest, if analogy with 
the frog holds good, that those who found only excitation were not using 
a strong enough stimulus. In addition, as shown above, fatigue and injury 
are particularly likely to destroy inhibitory effects. Magoun himself found an 
inhibitory effect, together with an excitatory one from the medulla and from 
the cerebellum. But at higher levels of the midbrain and diencephalon he 
found no inhibition with direct stimulation; this may be due to a high 
threshold of the reticular formation towards the cephalic end, or it may be 
that the current spread has rendered the stimulus less effective in these deep 
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structures where it is difficult to ensure localization of the stimulus; and 


ee earthing of the animal is necessary to avoid stimulation via the capacity of 
- gnimal and stimulator to earth. These difficulties disappear when the inhibi- 


tory effect is obtained by reflex stimulation or by excitation of the appropriate 
afferent pathways: this can be done via the spinal cord (Martini et al. 1943). 
Magoun found that a very strong stimulus had to be used to obtain spinal 


inhibition on exciting the cerebellum locally; with square pulses (300/sec) he 


found no effect unless 15-45 V was applied to the electrodes. This may explain 


the negative results on the cerebellum lately obtained by Arduini, Moruzzi & 


Terzuolo (1951), who used less than 6 V. That a strong repeated stimulus 
is necessary to cause inhibition is also shown by the observation that cutting 
the dorsal tracts with a single knife cut does not provoke inhibition, although 
it must stimulate all the fibres cut; after the cut not only is the square 
current no longer effective, but the reflex response increases, which may 


be due to cutting off inhibitory impulses previously ascending from the 


spinal cord. 

In conclusion, there appears to be quite a definite system of communication 
between centres in the brain and spinal cord, and this functions as a unit. In 
this way there is control over spinal activity by these centres in the brain, 
in the form of either excitation or inhibition according to circumstances 
(see diagram in Fig. 10). The efferent pathways of the inhibitory and excitatory 
stimuli appear to be situated in the ventral spinal cord, because these effects 
are still present when the dorsal tracts are severed below the stimulating 
electrodes. The afferent pathways appear to be the dorsal tracts and the dorsal 
roots, because if these are severed rostral to the point where the spinal cord 


is directly stimulated there is no further inhibition or facilitation. The factor _ 


which determines whether inhibition or excitation will occur is the strength 
of the stimulus, for a relatively weak stimulus causes excitation while a stronger 
stimulus causes inhibition. The same reflex centre in the spinal cord to which 
sensory impulses go from the periphery sends further impulses to the brain 
centres and in turn receives from them either facilitation or inhibition. 

During the present experiments the phenomena of facilitation or depression 
of the particular response were observed throughout. This could happen 
spontaneously with the more or less normal inflow of sensory stimuli, or during 
and after injuries of different degrees, e.g. traction on the dorsal root. 

The conditioning centres in the brain appear to be situated somewhere 
between the rostral limit of the diencephalon and the rostral limit of the 
medulla. It is difficult to ascertain their exact situation in frogs because the 
difference (mainly in duration) between the effects obtained by cutting at 
various levels might be ascribed not to the presence or removal of some 
essential areas, but to a far-reaching influence of the cutting itself. However, 
the same functional unit described above, relating to the spinal pathways, is 
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involved also in the inhibitory effects of sections through the optic lobes. This 
is proved by the fact that these effects disappear when the dorsal tracts are 
severed. In diencephalic preparations the direct action of the cut on the 
centres in question seems less likely. This is indicated by the more intense 
and prolonged inhibition or facilitation respectively after peripheral stimula- 
tion. The great variability of reflex response from one preparation to another, 


_ while the reflex activity maintains the same character in each one, appears to 


be due to peripheral injuries or to the rate of the normal inflow, i.e. to local 


Fig. 10. Schematic diagram of the inhibitory-excitatory mechanism between the spinal cord and 
the brain. A: diencephal idbrain area. Co.c. supposed controlling centre. B: spinal 
reflex arc. H.st. loci of electrical pulse stimulation; cut d.t. section of dorsal tracts; e.sp.p. 
efferent spinal pathways; a.sp.p. afferent pathways of the brain controlling centre; s.r. sensory 
root; m.r. motor root. The doubling of arrows means increased strength of stimulation 
or bigger reflex discharges. Dotted arrows mean decreased reflex response. 


peripheral conditions. For instance, traction on, or damage to, a dorsal root 
causes the preparation to pass into a state of continuous inhibition which is 
more or less complete. This inhibition disappears when the spinal cord as 
a whole or only the dorsal tracts are severed. 

The action of the brain centres in causing inhibition or stimulation in the 
spinal cord is related to changes of the potential level of the spinal cord; this 
will be described in a separate paper. In conclusion, it may be said that the 
mechanism described above appears to be another example of autoregulation 
analogous to what occurs when muscular contraction is controlled by sensory 
impulses from the muscles themselves through the spinal centres. 
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Bremer’s findings on the activity of the spinal cord after strychnine are 
confirmed: if a cut is made across the middle of the spinal cord the interval 


between the bursts of reflex activity becomes very prolonged, but if the upper — 


part is removed then the whole strychnine effect disappears. In this case, if 
no more than 9-15 min have elapsed, the reflex response becomes similar to 


- that before strychnine. Thus, as Bremer (1950) showed, there seems to be 


a mutual interaction between two parts of the spinal cord which have just 
been divided and are still remaining in close contact. If more than 15 min 
elapse from the strychnine injection, then removal of the cervical enlargement 
stops the strychnine effect, but no more reflex activity can be elicited. In the 
lumbar preparations strychnine not only fails to excite, but on the contrary 
destroys reflex activity gradually in about 10-15 min; if strychnine is not 
injected but applied directly to the lumbar enlargement the same result is 
obtained. Hence it appears that strychnine is effective only on particular 
zones. Many examples of this exist. Strychnine is not active on the cere- 


bellar cortex (Dow, 1938), but it can induce there discharges of lower frequency — 


and higher amplitude than normal when applied to the pons-bulbar formations 
(Gualtierotti & Capraro, 1941). | 

The depressing action of strychnine and nicotine on the activity of lumbar 
preparations seems to be due to an induced local blocking of neurones, but 


- this is overcome when a large number of them are connected together, 


especially when firing synchronously. Spinal frogs, in fact, show a considerable 
reflex and spontaneous activity after strychnine (synchronous discharges) and 
the intact frog does so after nicotine (asynchronous activity). The reflex 
response and the spontaneous discharges last much longer than the time 
necessary to depress completely the responses in lumbar preparations; how- 
ever, it can be proved that the block on neurones exists in this case also by 
severing the cervical enlargement (or only the brain centres if nicotine has been 
injected). Depression of reflex activity is then observed. 


SUMMARY 

1. The spinal reflex activity of the frog, elicited by pressure applied to the 
foot, has been recorded from a ventral root, sciatic nerve and gastrocnemius 
muscle after sections in the brain stem and in the spinal cord. The reflex 
response in the spinal frog has been chosen as the standard with which the 
other preparations are compared. No big difference exists between the 
standard and the other spinal sections. The diencephalic preparation shows 
much more variable reflex activity. Following brain stem sections in the 
region of the optic lobes there is a prolonged discharge and later the reflex 
response is brief. 

2. The action of strychnine under these conditions has been investigated. 


In diencephalic-bulbar frogs a massive reflex response occurs, but this is no 
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longer present in spinal frogs. When the upper part of the cord is removed the 
reflex activity gradually disappears. Nicotine produces a prolonged spon- 
taneous discharge, which is absent in the spinal frog. | 

3. With diencephalic frogs strong electrical stimulation of the cervical 
enlargement induces a prolonged inhibition, but this is absent in spinal frogs. 
The inhibition lasts for several minutes after the end of the stimulation and 
can be stopped by cutting the spinal cord or the dorsal tracts above the level 
of the stimulus. Weaker electrical stimulation can cause facilitation: thus 
a stronger stimulus is needed to inhibit than to excite. These effects appear to 
result from stimulation of centres in the brain. 

4. No evidence has been found to suggest that the inhibition and excitation 
arise in different regions of the brain stem; the difference between them seems 
to be correlated only with the strength of stimulation. These results are 
discussed with reference to the findings of other authors. 


The author wishes to thank Prof. E. D. Adrian for the hospitality of his laboratory; Dr B. H. C. 
Matthews for his supervision and assistance during the work; the Rockefeller Foundation for 
a personal grant; and the Medical Research Council for apparatus. | 
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EFFECT OF SYMPATHECTOMY ON THE RESPONSE TO 
ADRENALINE OF THE BLOOD VESSELS OF THE 
SKIN IN MAN 


By R. 8. DUFF 


From the Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London 


(Received 30 November 1951) 


The phenomenon of increased sensitivity of blood vessels to adrenaline and to 
other effective stimuli following interruption of the sympathetic nerve supply 


- has been described in relation to the digits in man (Freeman, Smithwick & 


White, 1934) and monkey (Ascroft, 1937). It has been thought to occur only 
in completely sympathectomized vessels (Smithwick, Freeman & White, 1934), 
and to appear only after the interval required for degeneration of the interrupted 
nerves (Freeman et al. 1934). | 

Both Freeman e¢ al. (1934) and Ascroft (1937) considered that removal of 
the related sympathetic ganglia produced a much greater increase in sensitivity 
than simple interruption of the preganglionic neurone, and such observations 
as this led Cannon, Rosenblueth & Garcia Ramos (1945) to formulate a general 
law of denervation, to the effect that ‘the supersensitivity is greater for the 
links which immediately follow the cut neurone and decreases progressively 
for more distal elements’. 

Inasmuch as:the evidence concerning supersensitivity following sympath- 
ectomy in man is derived largely from measurements of temperature changes 
in the skin, it was thought desirable to make a quantitative study of the response 
of the blood flow in the hand to intra-arterial infusions of adrenaline, before 
and at varying intervals after surgical sympathectomy of the upper limb. 


METHODS 


The main investigation concerned three women and two men suffering from Raynaud's disease 
and one young woman with hyperhidrosis of the hands. Their ages ranged from 18 to 63 yr, and in 
only one instance had the Raynaud’s disease caused evident impairment of the nutrition of the 
skin of the fingers. 

The subject reclined on a couch, in a laboratory thermostatically maintained at a temperature 
of 22+1°C. A neatly fitting rubber glove sealed to a stout rubber diaphragm with an aperture to 
admit the wrist was fitted on"to each hand. Thus gloved, the hand was placed inside a metal 
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ysmograph and the diaphragm maintained in position by screws so that the hand was 
a comfortably inside the plethysmograph, which was then elevated a little above the 
level of the chest. The plethysmographs were now filled with water, and throughout the investiga- 
tion the temperature of the water was kept within the range 32-34° C. The blood flow in both 
hands of each subject was measured simultaneously every half-minute throughout the test, and 
calculated in ml./100 ml. tissue/min. 
Under local anaesthesia, consisting of an intracutaneous injection of +4 ml. 2 % procaine 
solution, a needle, to the base of which 3 ft. of narrow-bore polythene connecting tube had been 
attached, was inserted into the brachial artery of the limb being tested (Duff & Swan, 1951), and 


a continuous infusion of saline started. 


Fig. 1. The infusion apparatus, with needle and polythene connecting tube attached. 


The infusion apparatus (Fig. 1) comprised an electric induction motor of which the transmission 
was geared down to drive the plungers of one or both 50 ml. syringes so that each delivered 4 ml. 
saline/min at a steady rate. By transferring the polythene tube from one to the other, the syringes 
could be alternately replenished, and continuity of flow maintained. After a control period of at 
least 8 min the required amount of synthetic L-adrenaline tartrate, B.P. (British Drug Houses Ltd.), 
was added to the saline and infused for 4 min, after which the saline infusion was resumed. At 
intervals of 12 min further test concentrations of adrenaline were infused in exactly the same way, 
each solution being freshly prepared less that 2 min prior to administration. 

The blood flow in both hands of a given individual fluctuates synchronously, often within wide 
limits, as a result of sympathetic nervous activity in the normally innervated subject, and under 
the influence of variations in respiration, blood pressure and other factors in both normal and 
sympathectomized subjects. Changes in hand blood flow are usually approximately equal on both 
sides (Cooper, Cross, Greenfield, Hamilton & Scarborough, 1949). Changes in hand blood flow in 
the non-infused (control) limb were measured at every test, so that spontaneous fluctuations might 
not be ascribed, in the tested hand, to the adrenaline. To arrive at an estimate of the net effect of 
the adrenaline, the following procedure was adopted: 

The average (A) of the six blood-flow measurements in the test hand during the 3 min period 
immediately prior to the arrival therein of the adrenaline was multiplied by the average (b) of the 
six measurements of the control hand blood flow during the first 3 min that the adrenaline was 
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through the test hand; this product was divided by the average (a) of the six measurements 


: of blood flow in the control hand corresponding in time with the pre-adrenaline average (A) for the 


test hand. The value obtained was an estimate (Z) of what the blood flow in the test hand would 
have been during the experimental period if the adrenaline had not been administered. The difference 
between the actual average blood flow (B) in the test hand during the first 3 min of the adrenaline 
period and the estimated average (7) was taken to be the net effect of the adrenaline itself. Thus, 
if the average blood flow in the test hand fell from (A) 12 ml. before, to (B) 8 ml. during the adrena- 
line infusion, while the average blood flow in the control hand changed during the same time from 
(a) 10 ml. to (b) 9 ml., then, if the adrenaline had had no effect on the test hand, the expected 


blood flow (#) in the test hand during the adrenaline period would be given by the expression 


AlHE=a/b or E=Ab/a=10-8 ml. 
But since the actual average blood flow (B) in the test hand during the adrenaline infusion 


measured 8 ml., the reduction in flow below the estimated value (HZ — B) is attributable to the 


adrenaline, i.e. 10-8 ~ 8-0 =2-8 ml./100 ml./min. 

In every case the change in blood flow in each tested hand was measured in relation to an 
ascending series of concentrations of adrenaline, within the range 77-3 »g/min, both before and 
on one or more occasions after sympathectomy. The majority of post-operative tests were performed 
within 3 months of operation, and none was done earlier than 6 days after operation. After 


operation, the patients were subjected to a vigorous heat test in which the mouth temperature was 


raised by at least 1° F by placing the feet in a water-bath at 45°C for 40-60 min. That the 
sympathetic pathway had been completely interrupted was established in each case by the failure 
of the hands to exhibit any significant increase in blood flow in these circumstances. 

In order to determine the normal response under identical experimental conditions, the 
behaviour of the hands of a group of healthy subjects (mostly medical students) aged between 
21 $, and 
$yg/min. 

RESULTS 


Behaviour of individual hands before and after sympathectomy. The maithod of | 
comparing individual hands in their blood-flow response to the same range of 
concentrations of adrenaline was considered the most convenient approach to — 

_ the problem. In Fig. 2 the blood flow in the hands of a woman with Raynaud’s 


disease is shown. Before operation the intra-arterial infusion of 5 wg adrena- 
line/min was coincident with vasoconstriction in both the tested left hand 
(heavy continuous line) and also the control right hand (faint interrupted line). 
Had the observations relating to the latter been omitted, this vasoconstriction 
might erroneously have been attributed to the adrenaline. The synchronous 
fluctuation in blood flow present throughout the test is seen to be of about 


_ equal degree in both hands, irrespective of whether adrenaline or saline is 


being infused; adrenaline has therefore had no independent effect in any of 
the three test infusions. | 

Tested in the same way 22 days after preganglionic section an entirely 
different response is seen (Fig. 2). All three dose levels of adrenaline were 
attended by marked vasoconstriction in the tested left hand, the right hand 
being unaffected. 

A similar change is demonstrated in Fig. 3, the blood-flow response in the 
tested left hand of a man with Raynaud’s disease. Before operation, a moderate 
amount of fluctuation occurred in the blood flow of both tested and control 
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hands. None of the adrenaline infusions was associated with independent 
vasoconstriction of any notable degree in the tested hand. On retesting 22 days 
after preganglionic section, the same dose levels of adrenaline caused obvious 
vasoconstriction in the tested hand. 


Miss H.-Left Raynaud 


_ Preoperative 


Blood flow (mi./100 mi./min) 


22 days after sympathectomy 


0 10 20 30 
. Minutes 
Fig. 2. Blood flow in tested left hand (heavy continuous line) and control right hand (faint 
interrupted line) of a patient with Raynaud’s disease, during the course of infusions into the 
left brachial artery. The different responses to adrenaline before (upper half) and 22 days 
after sympathectomy (lower half) are shown. 


Ten hands were tested with infusions of adrenaline within the range 
ert pg/min and six were found, after sympathectomy, to be obviously 
constricted with concentrations of adrenaline that had had little or no effect 
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before operation. All but one of these hands were sympathectomized by 
preganglionic section. In two of the remaining four hands in which no gross 


change in response to adrenaline was demonstrated, sympathectomy had been 
produced by removal of the cervico-dorsal ganglia. 
The postoperative tests (Table 1) relate especially to the early weeks after 


operation, and the earliest was 6 days. In one case, however, of a young man ~ 


Mr G.-Left Preoperative Raynaud 


15} 


= 


w 

+ 


Blood flow (m!./100 mi./min) 


o 
e 
* 
* 


22 days after sympathectomy 
0 
G2 10 20 30 


Minutes 
Fig. 3. Blood flow in tested left hand (heavy line) and control right hand (faint line) of a patient 
before (upper half) and after sympathectomy (lower half). On both occasions 3g, x4 and } ug 
adrenaline/min were infused into the left brachial artery. At the time of the postoperative 
test the level of flow in the hands was actually lower than in the preoperative test. 


(Mr C.) who had sustained traumatic avulsion of the brachial plexus on the 
left side as a result of which the limb was completely sympathectomized, the 
test performed 1 year after his accident exhibited a definite vasoconstriction 
with gy ug adrenaline/min. In this sole instance the response of the sympath- 
ectomized hand has been compared with that of the healthy right hand, instead 
of the same hand before sympathectomy, as was the case in all other individuals. 
Normally innervated hands do not vasoconstrict with such a small concentra- 
tion of adrenaline. 
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A, a=means of the six observations of blood flow during 3 min prior to start of adrenaline, in test and control hands, respectively; B, 6 =corresponding means during 
first 3 min of adrenaline period; E=Ab/a. P =preganglionic section; G=ganglionectomy. RD =Raynaud’s disease; H =hyperhidrosis. Acc. patient sympath- 


ectomized as a result of traumatic avulsion of the brachial plexus. 
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The contrast in the behaviour of a group of hands before and after operation, 
in response to any given level of adrenaline, may be portrayed by averaging 
the blood-flow measurements for each half-minute before and during the 
adrenaline infusions. Fig. 4 demonstrates the change in respect of 4 ug/min. 
However, although graphs of hand blood flow, as in Figs. 2-4, clearly reveal 
_ the different response in the hands after sympathectomy, they do not permit 
_ precise evaluation of that difference. 


Preoperative, 7 hands, 9 tests 


0 5 , 10 
Minutes 


Fig. 4. Average blood flow in tested hands (heavy continuous line) and control hands (faint 
interrupted line) of a group of subjects in relation to infusions of 4 ug adrenaline/min, before 
(above) and after (below) sympathectomy. 7 


Comparison of the group of ten hands before and after sympathectomy. 
Recourse to statistical analysis was found desirable in view of inequalities in 
the amount of constriction in individual hands produced by the same concen- 
_ trations of adrenaline. To obtain a quantitative estimate of the amount of 
vasoconstriction in an individual test, the procedure described in Methods was 
adopted. The net change in flow, B—E, was expressed as a percentage, 
_ (B- FE) x 100/E, and taken to represent the percentage change in flow. If the 
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synchronous fluctuation in hand blood flow in a given subject were entirely 
equal on both sides, this value would be the exact percentage change in flow 
as between the two contiguous periods A and B. However, the correlation 
between the two hands is seldom perfect, especially in normally innervated 
hands; hence it was first necessary to determine the limits of accuracy of this 
method of analysis. 

In nine subjects the blood flow in both hands was measured every half- 
minute during a 6 min period in order to determine the mean blood flow in 
each hand during both halves of this period. Taking account of three of the 
mean values so obtained, the fourth can be calculated. Comparison of this 
value with the corresponding mean derived from actual measurement of the 
blood flow during this period reveals the accuracy of the prediction. If the 
amount of fluctuation in a pair of hands were equal, the predicted and the 
actual blood-flow means would be equal, and the amounts of such departures 
from equality as occur are a basis for calculating the reliability of the method. 
In thirty-six comparisons of actual and estimated blood-flow means, the 
percentage departures from the expected value of nil were found to have 
a standard deviation of 12%, with a standard error of 2%. Four of the subjects 
providing the data were bilaterally sympathectomized, one was sympath- 
ectomized on one side only, the remainder being normally innervated. The 
standard deviation of 12° was therefore taken to be a valid expression of the 
standard deviation of percentage changes in blood flow with which to deter- 
mine the significance of changes in blood flow in the adrenaline tests of indi- 
vidual hands before and after sympathectomy. Thus changes in blood flow 
during an adrenaline infusion of less than 25%, were not regarded as significant. 
It was also convenient to regard the level of adrenaline concentration at which 
25%, reduction in blood flow occurred as the threshold of the tested hand to 
adrenaline. 

In a precise comparison of thirty-three tests on ten hands before and after 
sympathectomy, exactly paired in respect of the test concentration of adrena- 
line (Table 1), only 4 preoperative tests (all at infusion rates of 4g/min) 
resulted in significant vasoconstriction, whereas after operation twenty-two 
out of the thirty-three tests revealed significant reduction in blood flow due 
to lowering of the adrenaline threshold in six hands. The mean change in the 
whole group before sympathectomy was 9°% vasoconstriction; after sympath- 
ectomy 35% vasoconstriction, a fourfold increase in response. The difference 
between the means is highly significant (t=3-25, P< 0-001). 

It seemed therefore to be established that the sensitivity of this group of 
ten hands, to the vasoconstrictor action of intra-arterial infusions of adrenaline, 
had been increased about fourfold by sympathectomy. 

Determination of the response of groups of normal hands. In order to ascertain 
whether the hands of these patients, most. of whom suffered from Raynaud's 
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disease, were more or less sensitive than normal, before operation, the behaviour 
of the hands of healthy persons was studied under identical conditions. Con- 
siderable variation in response to the same levels of adrenaline was encountered 
also in the normal hands. Table 2 gives the results obtained with infusions of 
adrenaline/min while the results with and g/min are summarized 


- Tasix 2. Effect of intrabrachial infusions of adrenaline #¢ g/min on blood flow in normal hands 


Mean blood flow 
Test hand and 
Sex A B b E a-4 

R. M. 70 6-0 6-8 5:7 5-9 0-1 2 
78 79 49 5-1 8:1 
ee 6-8 68 104 9-5 6-4 0-4 6 
R. MM. 18-8 20-7 15°8 18-2 21-7 -1-0 - § 
R. M. 6-0 5-4 5-5 


A, a= means of the six observations of blood flow during 3 min immediately prior to start of 


- adrenaline, in test and control hands, respectively; B, b = corresponding means during first 3 min 


of adrenaline period; H = Ab/a. 


In Table 3. With J, .g/min the mean blood-flow change in seventeen tests was 
_ & reduction of 10%, standard error 2-6%. In the group of patients’ hands 


before operation (Table 1) the mean change was a reduction in flow of 4%, 
standard error 2°5%. 

With #, ug adrenaline/min, the mean change in seventeen tests of healthy 
hands was a reduction of 7°, standard error 4:3, as compared with 12 and 


_ 21% for the group of preoperative hands. 


Likewise, with infusions of }g adrenaline/min the mean constriction in 
twenty-four healthy hands was 19%, standard error 45%, and in the 
preoperative hands 16 and 8-9% respectively. 

With infusions of J,, 7 and 4g adrenaline/min there is thus no significant 
difference in the behaviour of the blood flow in healthy and preoperative 
hands. It was therefore concluded that before operation the patients’ hands 
were neither more nor less sensitive then normal. 

In Table 3, data from tests of healthy subjects and of patients before 
operation are taken together, to provide a more precise evaluation of the 


response of ‘normally innervated’ hands to test concentrations of $s, Ye and 
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}yg adrenaline/min. It is seen, from Table 3, that the difference in mean 
effect between ‘normally innervated’ and sympathectomized hands is signi- 
ficant in respect of these three adrenaline concentrations. 


Normal response to higher concentrations of adrenaline. In thirty-five tests 


of healthy subjects the hand blood-flow responses to } and 4g were deter- 
mined (Table 3). The mean constriction with }ug/min was 27 %, with 
} yg/min 53%. The mean values in all the groups of tests are summarized in 
Table 3, in which it is seen that whereas $ ug adrenaline/min is sufficient to 


TaBte 3. Percentage constrictive effect, in groups of hands, of adrenaline, #z-4 »g/min 


Adrenaline Normal Normally Sympath- 
(~g/min) subjects Preoperative innervated ectomized 
No. 6 6 

Mean 3 17 
8.D. 15 
8.E. 6-0 78 
va No. 17 10 27 10 
Mean 10 4 8 30 
8.D 11 8 9 22 
8.E. 2-6 2°5 6B 
vs No. 17 9 26 ee 
Mean 7 12 9 «36 
8.D. 18 6 15 20 
8.5. 43 21 2-9 6-7 
+ No. 24 8 32 8 
Mean 19 16 18 55 
8.D. 22 25 23 23 
8.E. 4-5 8-9 4-0 8-1 
t No. 17 
Mean 27 
8.D. 33 
8.E. 79 
No. 18 
Mean 53 
8.D. 34 
No. =number of tests; s.p.=standard deviation of group; s.£.=standard error of mean. 
Percentage offect x 100. 


cause 55% vasoconstriction in the group of sympathectomized hands, normal 
hands require $g, or four times the concentration, in order to sustain an 
equal degree of vasoconstriction (53%). | 

In Fig. 5 the responses of the same hands before and after operation and of 
‘normally innervated’ hands have been plotted together, in relation to dose 
of adrenaline. The greater response of hands after sympathectomy is clearly 
shown. 

| DISCUSSION | 
The results indicate (Table 3) that while there is a certain amount of variation 
in the response to a given dose of adrenaline of the hand circulation in healthy 
subjects as well as patients, there is no evidence that the latter are more 
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sensitive before operation. After operation six out of ten of the hands were 


found to be definitely more sensitive than before. 

If the concentration of adrenaline at which 25% constriction occurs be 
taken as the threshold level for an individual hand, supersensitivity may 
conveniently be expressed as a lowering of this threshold. A reduction of flow 
of 25%, or more, occurred in about 10% of normally innervated hands with 
dy-te ve, of about 40% with 74-4 ug, and of about 80% with 4-4 wg/min. 


Mean percentage constriction 


Tt 


1/64 1/32 1/16 1/8 1/4 1/2. 
Adrenaline (ug/min) 

Fig. 5. Mean percentage reduction in blood flow in groups of hands tested before and after 
sympathectomy, and of normally innervated hands, in relation to different concentrations 
of adrenaline in intra-arterial infusions. 

In contrast, 90 °%% of sympathectomized hands were constricted by } yg, 
60% by 5-35 ug/min, while with the concentration of gy g/min, at which 
level normal hands are generally unaffected, 20 % of sympathectomized hands 
were constricted. Six out of ten hands revealed a lowering of the threshold at 
which vasoconstriction with adrenaline occurred, in tests at one or more 
concentration levels. 

Comparison of the degree of reduction in blood flow of individual hands in 
identical tests at the same dose levels shows a consistent trend towards 
greater constriction (Table 1), amounting, on the average, to a fourfold 
increase, All six of the hands, in which an increase in sensitivity was found, 
had been sympathectomized by preganglionic section. The operation in respect 
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of the remaining four, in which a change was not demonstrated, was ganglion- 
ectomy in two, preganglionic section in two. One of the latter was the right hand 
of a patient, Miss H., whose left hand exhibited a notable increase in sensitivity. 
The preganglionic operation has therefore not been shown, in this small series, 
to cause anv less supersensitivity than ganglionectomy. es 

Freeman et al. (1934) measured the finger temperature during intravenous 
infusions of fairly large amounts of adrenaline in patients from whom the 
cervico-dorsal ganglia were removed for Raynaud’s disease. They found that 
an increased fall in temperature occurred some time between the 8th and 18th 
days after operation, which they attributed to the appearance at that time of 
supersensitivity to adrenaline. White, Okelberry & Whitelaw (1936) concluded 
that ganglionectomy caused a greater increase in adrenaline sensitivity than 
preganglionic section. In the same way Ascroft (1937 ) found that ganglion- 
ectomy produced about three times as much supersensitivity in monkeys as 
preganglionic section. In contrast, Fatheree, Adson & Allen (1940), using 
similar methods, found that both operations caused about the same amount of 
adrenaline supersensitivity. In the present study a fourfold increase in 
sensitivity has been demonstrated in a small group of hands, the majority of 
which were sympathectomized by preganglionic section. 

The hypoglycaemia induced by a large subcutaneous injection of insulin 
was found by Smithwick e¢ al. (1934) to cause a fall in temperature in the 
sympathectomized hand (presumably in consequence of the endogenous 
liberation of adrenaline) but not in the opposite unoperated side. They 
stated that a positive test (reduction in digital temperature following the in- 
jection of insulin) occurred only in completely sympathectomized limbs. The 
present study is confined to normal subjects and to cases having completely 
sympathectomized hands, and offers no information regarding incompletely 
sympathectomized extremities. | 

Concerning the onset of supersensitivity following sympathectomy, 
Simmons & Sheehan (1939) and Freeman et al. (1934) found that supersensi- 
tivity appeared first after an interval of 8 or more days. In the present 
investigation one hand was supersensitive when first tested 6 days after 
preganglionic section, and another, when tested on the 7th day. No tests were 
performed at a shorter interval after operation. 

Simmons & Sheehan (1939) stated that supersensitivity was maximal at its 
onset, thereafter decreasing steadily till it was no longer present after 3 months. 
In the present series, hands tested at 2, 4, 5 and 12 months were found to have 
remained more sensitive than before sympathectomy. While this is scanty 
evidence of the perpetuation of adrenaline supersensitivity, it may be noted 
that the authors already cited have based conclusions on skin temperature 
changes as indicating changes in blood flow. Apart from the general insuscep- 
tibility of such measurements to quantitative comparison, the relationship 
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between temperature and blood flow is imprecise by virtue of such factors as 
ambient temperature and circulatory changes in underlying muscles. It has 
been shown (Freeman, 1935) that the blood flow in recently sympathectomized 
hands remains steady despite considerable changes in surface temperature. 
Moreover, Belding, Mead & Bader (1949) have found that after vasocon- 
striction the fall in temperature of the fingers is gradual, whereas the converse 
_ obtains when the finger temperature rises in a warm atmosphere. Simeone & 
Felder (1951) measured the plethysmographic digital volume during repeated 
intravenous injections of about 4g adrenaline. They found a greater and 
more prolonged reduction in digital volume in sympathectomized patients, 
even up to 1 year after operation. These observations support the findings in 
the present study. 
_ The mechanism of supersensitivity of the vessels following sympathectomy 
has remained obscure. Liberation of the vessels of the hands from the tonic 
influence of the sympathetic nerves results in an augmentation of blood flow 
which largely subsides towards the end of the first postoperative week 
(Barcroft & Walker, 1949). The blood flow under resting conditions may 
subsequently be a little higher than before operation. If the same reduction 
in calibre restricts the blood flow in a degree proportional to the initial calibre 
of the vessel, it might be thought that adrenaline would have a greater effect 
by virtue of such vasodilatation as might result from the operation. Table 1 
shows, however, that the average resting blood flow (A) was very little greater 
in many of the hands when tested after operation, and in thirty-three tests 
the mean for the group had risen by only 0-6 ml./100ml./min after sympath- 
ectomy. Supersensitivity to adrenaline is not clearly related to the height of 
the resting blood flow. It may, however, be relevant to note that the actual 
concentration of adrenaline in a given vascular circuit will, for a constant rate 
of infusion into the related artery, be inversely proportional to the mean blood 
flow. It may, therefore, still be conceivable that the proportional response to 
a unit amount of adrenaline, of a given segment of vessel, is greater when that 
vessel is dilated. In view of such considerations, it is fortunate that, mn the 
present investigation, the resting blood flow of many of the hands was about 
the same before and after operation, so that the tests are fairly comparable. 
A distinctive feature of sympathectomized hands—marked reduction of 
fluctuation in blood flow—is partly indicated in the postoperative tests 
(Table 1) by the smaller differences between the blood flow during two con- 
current periods (a) and (b) in the control hands (which also were usually 
sympathectomized at the time of the postoperative tests). It is noteworthy 
that when very little change in flow had occurred between (a) and (b), the 
response to adrenaline of the tested hands was often greater. Closer examina- 
tion reveals, further, that in the groups of healthy subjects (Table 2) and of 
patients before operation, many individuals who have a relatively steady 
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blood flow in tlie control hand (small differences between (a) and (b)) are 
indeed more sensitive to the constrictor effect of adrenaline. Those individuals 
with minimal fluctuation in hand blood flow may perhaps be regarded as 
having less sympathetic nervous activity in the hands, in contrast with 
others in whom large and frequent changes in blood flow are seen. 


Although it has not been decided whether adrenaline or noradrenaline (if 


either) is the hormonal agent liberated by sympathetic nervous activity in 
relation to the skin blood vessels in man, it seems likely that the concentration 
of the effective substance in a given tissue is related to the amount of nervous 
stimulation to which that tissue has been subjected (von Euler, 1950, 1951). 
It is easy, therefore, to conceive that vessels in the resting state (whether 
temporarily, by virtue of a normal central relaxation of sympathetic tone, or 
permanently in consequence of surgical interruption of the nervous pathway) 
would be more likely than otherwise to constrict in response to adrenaline 
and other vasoconstrictor agents. Certainly, in other tissues, a relationship 
between the state of tonus of smooth muscle and its response to adrenaline has 
already been noted (McSwiney & Brown, 1926), but speculation. concerning 
its nature has been scanty. 

Certain other circulatory consequences of sympathectomy have to be 
considered in relation to adrenaline supersensitivity. If the proportion of blood 
flowing into the skin of the hand were greatly increased by the operation, then 
that tissue would receive a greater total amount of adrenaline. The bulk of the 
blood entering a limb passes through skin and skeletal muscle. The considerable 
rise in blood flow through the skin of the hand in Raynaud cases after 
sympathectomy lasts for only a week (Barcroft & Walker, 1949; Duff, 1951). 
The threefold rise in forearm blood flow (mainly muscle) is of even shorter 
duration (Duff, 1951). Subsequent examination of sympathectomized limbs 
reveals that the hand blood flow under resting conditions is either unchanged 
or very slightly greater than before operation, depending partly on the amount 


of organic vascular change produced by the Raynaud’s disease. The blood flow 


in muscular segments of chronically sympathectomized limbs is generally 
within normal limits (Duff & Swan, 1951). The actual distribution of the 
circulating blood as between hand and forearm was measured plethysmo- 
graphically in a number of cases in the present series, and it was confirmed 
that increased sensitivity might be present when the blood flow in the hand 
and in the forearm was the same as before operation. The increased sensitivity 
of sympathectomized hands cannot therefore be attributed to altered partition 
of the blood flow in the limbs. . 

The work of Kvale, Allen & Adson (1939) provides evidence that the velocity 
of the blood stream in the artery of sympathectomized limbs is increased. In 
the present investigation infusions of a steady concentration of adrenaline were 
employed, and the average change over a period of 3 min determined. The 
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" effect is therefore less likely to have been influenced by the slightly greater 
speed at which the adrenaline may have initially arrived in the hand. How- 
ever, if the continued effect of a hormonal stimulus is normally conditioned by 
the rate at which such a stimulus builds up to an effective level in a given 
blood vessel, this would afford some measure of explanation for the increased 
response of sympathectomized hands. 

Exact knowledge of such dimensional changes as occur in blood vessels for 
given changes in blood flow would doubtless help to clarify the problem. When 
4 segment of vessel dilates, if the total as distinct from the cross-sectional area 
of the wall remains unchanged, then the length of the segment must decrease 
(Shipley & Gregg, 1944). This may well happen in the early days after 
sympathectomy (before tone has returned to the vessels), when volumetric 
and linear blood flow are greatly increased. The shortening of vescular length 
jn the peripheral bed might well be sufficient to prevent minimal concentra- 
tions of rapidly circulating adrenaline from making effective contact with 
those responsive elements in the walls of vessels whose function it is to initiate 
vasoconstriction. With the return of vascular tone between the 6th and 12th 
day after operation, the reduction in calibre would be accompanied by vascular 
lengthening such as might permit the adrenaline to act. Future investigations 
of adrenaline sensitivity in the period immediately following sympathectomy 
may, however, render such speculative apologia unn 

The evidence in the present study would seem to lead to the conclusion that 
whatever intimate biochemical and cytological changes are brought about by 
sympathectomy, the supersensitivity of blood vessels in the hand may be 
partly attributable to direct physical consequences of the removal of sympa- 
thetic activity, perhaps analogous to the altered temperature response of 
_ smooth muscle in a variety of animal tissues after denervation, described 
by Perkins, Li, Nicholas, Lassen & Gertler (1950). It is of interest that 

- Nordmann (1931), reviewing the special variety of induced sensitization known 
as Arthus’s phenomenon, arrived at the complementary conclusion that 
_ sensitization decreases the reactivity of nerves on blood vessels. 


SUMMARY 
1. The effect of intra-arterial infusions of standard amounts of adrenaline 
on the rate of blood flow in the hands (plethysmographic method) has been 
studied in normal subjects, in patients with Raynaud’s disease and in a patient 
with hyperhidrosis. 

2. The range of response to the same concentrations of adrenaline, of 
normally innervated hands, has been determined, and attention drawn to the 
importance of comparing individual hands under identical conditions. 

3. The sensitivity to adrenaline of the hands of patients with Raynaud’s 
disease before sympathectomy was found to be within normal limits. 
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4. In a group of ten hands tested before and after sympathectomy, the 
mean vasoconstriction in response to adrenaline was found to increase fourfold 
after operation, as a result of lowering of the threshold to adrenaline in six of 
the hands. 

5. The concentration of adrenaline required to produce an equal amount of 
vasoconstriction was four times as much in normal as in sympathectomized 
hands. 

6. All six of the hands which exhibited a distinct increase in sensitivity 
to adrenaline had been sympathectomized by preganglionic section. Two of 
the four hands in which no increase in — was demonstrated were 
sympathectomized by ganglionectomy. 

7. Supersensitivity has been found in tests as carly as the 6th day and | as 
late as 12 months after sympathectomy. 

8. Some evidence concerning the mechanism of the supersensitivity to 
adrenaline has been presented, and the nature of the phenomenon discussed. 


I am indebted to Prof. H. Barcroft for valuable advice and ready encouragement, to Dr H. J. C, 
Swan for some of the data relating to adrenaline infusions in healthy subjects, and to Dr R. F. 
Whelan for useful criticism. I am grateful to the medical students, patients and friends, who 
submitted to the tests. The courtesy of Prof. Sir J. Paterson Ross, Miss Diana Beck, F.R.C.S., 
J. B. Kinmonth, Esq., F.R.C.S., and Hedley Atkins, Esq., F.R.C.S., in permitting their patients 
to be investigated, made this study possible. 

Mr G. Hales gave efficient technical assistance and Mr A. L. Wooding kindly photographed the 
records, which were carefully prepared by Mrs P. Faichnie. 

Certain expenses were defrayed by a grant from the Medical Research Council. — 
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Graham & Gerard (1946) first developed the technique of penetrating frog 
muscle fibres by an extremely fine glass tube filled with saline, which thus 
served as an internal micro-electrode by which the potential of the interior of the 
fibre could be measured relative to its exterior. Using this same technique and 
with micro-electrodes less than 1 in external diameter, Ling & Gerard (1949), 


- Nastuk & Hodgkin (1950), Nastuk (1950) and Fatt & Katz (1950a) have re- 
_ ported precise and detailed investigations on the resting and action potentials of 


frog muscle fibres. The significance of these investigations has been established 
by two important observations of Nastuk & Hodgkin (1950); the recorded 


_ potential difference is restricted to the very tenuous surface membrane of the 
_ muscle fibre, the interior being virtually isoelectric; and the puncture of the 


cell membrane by the micro-electrode does not appreciably alter the potential 


_Tecorded by a closely adjacent micro-electrode. Apparently the membrane 


seals itself around the penetrating glass tube, so eliminating the drain of 
membrane current through the punctured hole. This glass micro-electrode 
technique has been extended successfully to several other excised tissues: 


‘giant axons of Sepia (Weidmann, 1951); frog heart muscle (Woodbury & 


Woodbury, 1950); mammalian heart muscle (Draper & Weidmann, 1950, 
1951); frog and mammalian nerve fibres (Woodbury & Woodbury, 1950); 
frog dorsal root ganglion cells (Svaetichin, 1951). Weidmann (1951) reported 
that the results with the micro-electrode on Sepia axons were virtually 
identical with those obtained by the earlier technique employed on giant 
axons using an internal electrode inserted from the cut end. 

The present paper reports an investigation in which glass micro-electrodes 
have been successfully introduced into mammalian motoneurones in the 
spinal cords of anaesthetized cats. When using the much cruder technique of 
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inserting steel micro-electrodes, insulated to the tip, into a motor nucleus in 
the spinal cord, it had been found that occasionally an antidromic volley 
generated a potential which was almost. entirely produced by a single moto- 
neurone (Barakan, Downman & Eccles, 1949; Eccles 1950). In attempting to 
insert a glass micro-electrode into a motoneurone, two difficulties were 
encountered in addition to those arising in the insertion of micro-electrodes 
into excised tissues. (i) Rigid fixation of the spinal cord of the intact animal 
proved to be a difficult procedure, particularly on account of its respiratory 
movements. (ii) Of necessity the micro-electrode had to be inserted into moto- 
neurones without the advantages of direct vision. However, we had the 
advantage of previous experimental location of the motor nuclei of such 
muscles as quadriceps, gastrocnemius, biceps-semitendinosus (Marinesco, 
1904; Barakan ef al. 1949), and in our later experiments accurate maps 
(Romanes, 1951) of the lumbar enlargement of the cat’s spinal cord were 
available for other muscle groups. Thus it has been possible by the technique 
described below to achieve a fair measure of success in inserting the micro- 
electrode into a predetermined motor nucleus. 

The successful insertion of a micro-electrode into a motoneurone (and not 
just penetration through a motoneurone) demands a very cautious approach 
when the micro-electrode tip is close to the motoneurone (cf. Fig. 1A). Close 
proximity is signalled by the large electrical potential picked up by the micro- 
electrode with both antidromic and orthodromic activation of the moto- 
neurone. The micro-electrode is then advanced only a few microns at a time, 
and several seconds are allowed to elapse between each advance in order to 
allow its position in the spinal cord to become stabilized, for the spinal cord 
behaves as a viscous medium. 

The branching dendritic structure of a motoneurone entails the further 
disadvantage that often a dendritic branch will be injured by an approaching 
micro-electrode before penetration of the soma is achieved. Such a neurone 
will suffer from the flow of injury current, both the resting and action potentials 
_ being thereby diminished. Furthermore, with this blind and random method 
of insertion of the micro-electrode, many penetrations into the soma or large 
dendritic branches will be oblique so that the hole torn in the membrane will 
be much too large to be effectively plugged by the micro-electrode, the self- 
sealing process thereby becoming ineffective. Again, the motoneurone will as 
a consequence suffer from the flow of injury current. 

On the other hand, the method has advantages that heavily outweigh these 
technical difficulties and experimental hazards. When the micro-electrode is 
properly inserted in a nerve cell, it selectively leads off electrical potentials 
generated by this cell to the virtual exclusion of those generated by other cells 
or nerve fibres. Our experiments indicate that, as with nerve and muscle 
fibres, the interior of a.resting nerve cell is virtually isoelectric, and that the 
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potential gradients that appear within the activated cell arise secondarily to 
the flow of current, which itself is determined by regional alterations of the 
surface membrane potential. The small potentials that are generated by sources 
external to the neurone, e.g. by neighbouring motoneurones, or the inter- 
mediate cord potential, can be determined by taking records when the micro- | 
~ electrode has been just withdrawn from the neurone. When allowance is made 
for these very small contributions, it can be concluded that all the remaining 
potential is generated by the surface membrane of a single neurone, which is 
being recorded in virtual isolation and yet with an intact blood supply and 
innervation. 

Experimentally the position is therefore ideal for providing a definitive 
_ solution to such problems as: (i) the mode of origin of the so-called synaptic 
potentials recorded focally in a motor nucleus or after electrotonic spread to 
the ventral root as it emerges from the spinal cord; (ii) the responses of a 
motoneurone to an antidromic impulse; (iii) the nature of the responses 
generated in a neurone by excitatory synaptic action; (iv) the mode of action 
of an inhibitory impulse. This paper describes investigations on all of these 
problems. Their full analysis will be reported in later publications. A brief 
preliminary report has already been published (Brock, Coombs & Eccles, 
1951). Altogether we have recorded satisfactory series of observations on 
a total of over sixty motoneurones in nineteen separate experiments. Several 
of these motoneurones gave virtually constant responses for 1-2 hr, and 
durations longer than half an hour were usual after the technique had been 
satisfactorily developed in the first three preliminary experiments. 


METHODS 


The experimental procedures have been essentially similar to those described from this laboratory 
in connexion with the use of steel micro-electrodes (Brooks & Eccles, 19476; Barakan e¢ al. 1949), 
but many new developments have been necessary on account of the much more delicate procedure, 
and the desirability of obtaining the maximum amount of information from any one moto- 
neurone. Cats anaesthetized with pentobarbitone sodium have been used in all experiments, and 
the spinal cord has been severed in the lower thoracic region. 

The spinal cord and leg nerves have been set up in separate paraffin pools, with the exception 
of the quadriceps nerve which was stimulated through a buried electrode. The 6th, 7th and 8th 
post-thoracic ventral roots were cut and prepared for stimulation in order that antidromic volleys 
could be set up. Five muscle nerves and two cutaneous nerves in the leg were mounted on 
platinum electrodes. By means of a selector switch these nerves, together with the appropriate 
spinal ventral root, could be stimulated at the same time in any combination by three independent 
stimulator channels. 

The whole animal was firmly suspended in a rigid metal frame by clamps fixed on the third 
lumbar spinous process and the pelvic girdle. The abdomen and lower thorax were lifted clear of 
the table in order to minimize disturbance from respiratory movements. Increased rigidity of 
fixation was aided by horizontal clamps applied to the transverse processes of the vertebral 
column at the level of the micro-electrode insertion. The cat’s body temperature was maintained 
by a heated table, and in addition the paraffin pool covering the spinal cord was warmed electrically 
__ by immersed insulated coils, Both temperatures were maintained in the range 36-38° C. 
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The micro-manipulator used was of simple but rigid construction, and was firmly attached to 
the animal frame. Two fine screw adjustments were available—for penetration and lateral 
traversing of the cord. The upper end of the micro-electrode was held in a Perspex clamp and 
could be changed in-a few seconds. 

Micro-electrodes 

‘These were of the electrolyte-filled variety, and the technique permitted fairly rapid production 

with a low percentage of failures, together with ease of handling. Short lengths of Pyrex tubing 
(4:5 mm outside diameter) were pulled by hand in a small gas flame to give a relatively parallel 
narrow end section about 0-15 mm outside diameter and 1 cm long. The tip of the narrow section 
was then fused to form a small terminal bead. At this stage the tubing was transferred to a 
de Fonbrune Micro-forge, the clamp of which easily accommodated the large diameter end. Under 
direct visual control suitable micro-electrode tips were then pulled from the narrow portion of the 
tube by means of traction provided by small wire weights suspended from the terminal bead. To 
avoid the formation of unduly thick walls by prolonged heating, the tubing was first quickly drawn 
out to about 50 diameter using a weight of 300 mg; the process was then completed using very 
jocalized heating and a weight of 30 mg. Under these conditions micro-electrodes were formed of 
suitable taper (5 diameter about 20, from tip) and with an external tip diameter of about 
0-5-1-0 » (Fig. 1 A). 


Fig. 1. A, photomicrograph of cat spinal motoneurone and axon (pyridine silver stain), with 
superimposed tracing of microelectrode tip at same magnification to indicate small proportion 
of total cell surface which will be damaged by direct puncture. B, scale diagram to show 
form of Pyrex micro-electrodes used. 


In order to keep the electrical resistance of the micro-electrodes as low as possible, they were 
filled with 3m-KCl (cf. Nastuk & Hodgkin, 1950) and this was accomplished by 15-20 min 
vigorous boiling in the solution. The electrodes were conveniently held tip downwards for boiling 
and storage in a heavily chromium-plated brass rack which could be lifted out of the solution for 
removal of individual electrodes as required. External KC] was removed by a brief rinse in 
distilled water immediately before insertion. 
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The grid of a cathode-follower input stage was connected to the micro-electrode by means of 
a shielded lead terminating in a spiral of bright platinum wire, which dipped into the 3m-KCl 
solution in the upper part of the electrode. The shielding of the lead was connected to the cathode 
of the input valve. A large platinum plate in contact with the muscles adjacent to the spinal cord 
formed the indifferent earthed electrode. 

As shown in Fig. 2, the input stage was connected to two amplifiers and cathode-ray tubes. 
A direct coupled unit of fixed low gain recorded resting potentials and the changes during action 
potentials, while a capacitatively coupled unit, with a greater range of amplification, controlled 
one beam of a second double beam tube. The other beam of this tube recorded the dorsal root 
potentials picked up by a surface electrode after capacitatively coupled amplification. 


Amplifier 
A 
C.R.T. 1 
C.R.T. 2 
Amplifier 


Earth plate 


Fig. 2. Block diagram of recording circuit. A spiral of platinum wire dipping into the KCl 
solution of the micro-electrode is connected to the preamplifier lead. The shielding of this 
lead is connected to the cathode of the input cathode-follower valve. Amplifiers A and B 
are resistance-capacity coupled. B records dorsal root potential changes by surface leading. 
Amplifier C is direct coupled and records resting and action potentials with respect to an 
adjustable baseline. Unit R measures electrode resistance; V is voltage calibration unit. The 
earth plate is attached to an uninjured muscle surface adjacent to the spinal cord. 


Thus there was simultaneous recording on one cathode-ray tube of intracellular potentials and 
dorsal root action potentials set up by the afferent volley, while the other tube recorded resting 
and action potentials on one beam, with the second beam acting as a reference and indicating the 
general level of potential outside the neurone. Adjustment of the reference beam was carried out 
before the entry of the micro-electrode into a neurone, and a re-check was made after withdrawal 


from the neurone. 

Experimental procedure 
After the micro-manipulator had been adjusted to the desired position above the cord, the 
electrode was slowly inserted through small areas from which the pia-arachnoid had been removed. 
The moment of contact with the cord surface was signalled by a sharp drop in resistance from 
open circuit to the average micro-electrode value of 5-15 MQ. By means of a variable shunting 
device in the grid circuit of the input valve (cf. Nastuk & Hodgkin, 1950), the resistance of the 
electrode could be measured at any time while it was within the cord. Resistances were usually 
constant during use, and sudden lowering provided reliable indication of a broken electrode tip. 
Occasionally, however, a sharp rise in resistance to as high as 400 MQ signalled a blockage of the 
electrode. This happened as a rule during penetration of the white matter of the cord and was 
presumably due to formation of a myelin plug in the electrode orifice. During an early experiment 

All glassware has since been carefully cleaned in a HNO,-H,SO, mixture 
28—2 
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Micro-electrode tips have generally withstood several successive penetrations of the cord sub- 
stance without breaking. It has been found that the pia-arachnoid presents an impenetrable 
barrier, and in all experiments this structure has been removed over an area of several square 
millimetres on the dorsolateral surface of the cord overlying the selected motoneurone nucleus. 
There is some evidence that this procedure occasionally impairs the blood supply to the under- 
lying neurones. This is infrequent, however, and there is reason to suppose that an adequate blood 
supply to the ventral grey horn (from the anterior spinal artery) should normally persist in spite of 
the absence of chnoid plexus of vessels onsmaill areas of thed rface of thecord. 

Once a motoneurone was successfully impaled, and a stable resting potential recorded, ap- 
propriate stimuli were applied by means of group I muscle afferent volleys to establish the identity 
of the neurone concerned. Potential changes recorded were simultaneously photographed on both 
cathode-ray tube screens. The sweeps of both tubes were synchronized and one of the time bases 
also controlled the three-channel stimulator which provided single or multiple pulses through 
shielded isolating transformers. This stimulator will be described elsewhere (Coombs, 1952, to be 
published). Sources of error 

The grid current of the input valve (954) was 10-" A, which would have a catelectrotonic 
action on the surface membrane of the neurone. However this effect would be negligibly small in 
view of the relatively large surface area (approximately 3 x 10~* cm*) over which this current 
would be distributed. 

The time constant of the recording system has been tested by applying square wave pulses in 
series with the recording system at V in Fig. 2, When the electrode resistance was 23 MQ, this 
time constant was about 45 usec. However, such a method would not make allowance for the 
capacity to earth that occurs in that part of the micro-electrode that is immersed in the spinal 
cord. Nastuk & Hodgkin (1950) found that the capacity across the micro-electrode wall was about 
1 upF per millimetre of electrode. Since the micro-electrode was inserted to about 2-5 mm in the 
cord (the remainder being in paraffin), there would be an additional lengthening of the time 
constant by a capacity of about 2-5 u.F. However, the usual electrode resistance has been about 
10 MQ, so our recording system would have an effective time constant of the order of 50 usec. 
There would thus be considerable distortion of the fast spike potentials, the spike amplitude 
being reduced by about 10%. There would probably be a greater diminution of the slope of the 
rising phase of the spike. However, such estimates of distortion are approximate and for the 
present we report only the measurements directly recorded. Slower potential changes, for 
example the synaptic potentials, are of course distorted to a negligible extent. 

Electrical connexion between the 3m-KCl solution within the electrode and the grid lead has 
been effected by means of a spiral of bright platinum wire dipping into the solution. Calculations 
show that errors due to polarization are negligible, since the grid current is extremely small 
(10-™ A) and the platinum surface relatively large. Junction potentials have usually been found 
to be constant for long periods. 

Assuming that the volume of the soma plus dendrites of a motoneurone is equivalent to a sphere 
of 50 » radius, it would have a volume of 5 x 10-" cm®, and on the further assumption of an internal 
potassium concentration of 150 mm, the total potassium content of the neurone would be about 
7-5 x 10-" mole. Nastuk & Hodgkin (1950) calculate that 6 x 10-™ mole/sec of KCl would diffuse 
out of a micro-electrode with a resistance similar to those we have used; hence an amount equal 
to the total potassium content of the neurone (plus chloride) would diffuse out in about 20 min. 
However, it may be assumed that a net outward potassium plus chloride flux would develop when 
the KCI content of the neurone was raised (cf. Boyle & Conway, 1941; Hodgkin & Katz, 1949). 
If an approximate value of 3 x 10-* cm* be assumed for the area of the surface membrane of the 
soma and large dendrites, the KCl leakage from the micro-electrode would require a flux of 
200 x 10- mole. cm-* sec~! in order to stabilize the KCl content of the neurone. This figure is 
approximately ten times the resting potassium fluxes of giant nerve fibres (Keynes, 19515). 
However, much higher fluxes were observed when outward currents flowed across membranes 
(Hodgkin, Huxley & Katz, 1949). In any case impaled motoneurones in our experiments gave 
virtually steady resting and action potentials for as long as 2 hr, so evidently any accumulation 
of KCl did not significantly modify the neuronal responses. 
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RESULTS 


| A. Resting potential 

As the micro-electrode slowly penetrated into the spinal cord, it transiently 
traversed many zones which were negative (none was positive) relative to the 
indifferent electrode, values of 60 to 80 mV being commonly recorded, but 
- Jower values were also frequent. Usually the onset and cessation of the 
recorded negativity was sudden, as has been found by other observers when 
inserting micro-electrodes into nerve or muscle fibres under direct vision 
(cf. Nastuk & Hodgkin, 1950; Draper & Weidmann, 1951). It can be assumed 
that in these zones of negativity the micro-electrode has penetrated the 
-gurface membrane and lies within some part of a nerve cell or fibre, but 
identification has been attempted only for motoneurones, which of course are 
identifiable by the response evoked by an antidromic impulse (cf. Results, § B). 
_ Often the development of the full resting potential was virtually instan- 
_ taneous as the micro-electrode penetrated the surface membrane of the moto- 
neurone. But quite slow development was not uncommon, and often the 
- recorded potential then showed a considerable rhythmic variation (often 
several millivolts) at the frequency of the respiratory movements. Presumably 
such observations occur when the micro-electrode has punctured the surface © 
membrane but not plugged the hole sufficiently to allow self-sealing of the 
membrane. Usually a stable potential was recorded when the micro-electrode 
was advanced slightly further. The variations with respiration have indicated 
the deficiencies of our attempts at cord fixation, but it should be recognized 
that, when a micro-electrode has just punctured the membrane, but is not 
_ sealed therein, movement of a very few microns would cause a considerable 
_ fluctuation in the recorded potential, for there would be a very steep potential 
gradient through such a minute aperture in the membrane. Frequently the 
zero value with the micro-electrode outside the neurone was re-checked by 
deliberate withdrawal at the end of an experimental investigation. This pro- 
cedure was particularly important in prolonged experiments, for there was 
a drift of the potential recorded by the d.c. amplifier that could be as much as 
20 mV in an hour. Possibly this variation was largely attributable to changes 
in the junction potential at the earth electrode or the micro-electrode. 

The values given in Table 1 for the resting membrane potentials of moto- 
neurones are the maximum values recorded for those motoneurones in which 
it was judged that the micro-electrode was satisfactorily inserted without 
otherwise injuring the neurone. Injury was assumed when the action potential 
(cf. Results, § B) was unduly prolonged and/or low in voltage, when the resting 
potential and action potential rapidly declined in voltage (within a few 
minutes), and when the spike of the action potential immediately reversed to 

the positive after-potential. All these features were regularly observed in the 
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responses of motoneurones that were rapidly deteriorating. The mean value 
for the measured resting potential is thus about 70mV. Since the micro- 
electrode was filled with 3m-KCl, it may be assumed that there would be no 
appreciable liquid junction potential either in contact with extracellular fluid 
or with the cytoplasm (cf. Nastuk & Hodgkin, 1950), so little error is intro- 
duced by regarding the measured potentials as the actual potentials across the 
surface membrane of the motoneurone. Probably the highest values of 
Table 1 (about 80 mV) give the most reliable indication of the normal membrane 
potential of a motoneurone, for all defects of the experiment would tend to 
make the recorded potential lower. | a 


1. Action potentials of motoneurones 
Antidromic potentials 


Negative 


Spike action potential after-potential Positive after-potential - 


versal ; Reversal Time to Total 


Neurone Size time Size maximum duration 

type (mV) (mV) (mV) (msec) (mV) (msec) (mV) (msec) (msec) 
Quadriceps — 71 10 8 4:4 130 
Foot muscle 91 29 1-05 6 1-5 5 10+ — 
Gastroc. 63 95 32 10 12 3-5 3-0 13 100 
BSt. 59 74 15 1-15 11-5 C6 15 100 
Foot muscle 71 102 31 1-0 7-5 3-0 3°5 12 _ 
Gastroc. 62 85 23 0-95 5 0-8 6 10+  — 
BSt. 83 110 27 10 7 10 10 — _— 
Gastroc. 73 95 22 1-25 5 15 3-5 15 90 
BSt. «66 92 26 0-9 5 1:3 
BSt. 71 104 33 0°85 10 2-2 4 12 — 
64 93 29 0-9 6 1-7 55 
| 80 98 18 0-9 8 1-0 4-4 — — 
Foot muscle 67 97 30 1-0 — 

69 93 26 1-0 76 2-4 46 c. 14 c. 100 


B. The action potential of motoneurones 

Fig. 3A-C (and also the appropriate records which are marked a in Figs. 3 D, 
E and 4A, B) show typically that, when an antidromic impulse invaded 
a motoneurone belonging to any muscle, it set up an action potential which 
closely resembled the spike action potential set up by an impulse in a nerve 
fibre, and which was likewise all-or-nothing in character (cf. Fig. 34). 
A similar spike action potential was generated by a sufficiently large synaptic 
excitatory action (marked o in Fig. 3D, E). Later papers (Brock, Coombs & 
Eccles, 1952) will give a detailed comparison of the spikes generated by anti- 
dromic invasion and by synaptic excitation. Differences occur in the early 
part of their rising phases, but not subsequently, unless polysynaptic excitation 
is superimposed on the initial monosynaptic excitation. For the present it 
will be seen (Table 1) that the action potentials reached approximately the 
same voltage and gave the same reversal of potential that has been found for 
the action potentials of nerve and muscle fibres (Table 2), i.e. the resting 
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oe Fig. 3. Spike action potentials recorded from motoneurones with an intracellular electrode, 
& (a) indicating antidromic responses evoked by a single stimulus to the §1 ventral root, and 
pe (0) orthodromic responses evoked by a single afferent volley from the appropriate muscle 
_ nerve. Note in all records the reference line for zero membrane voltage, with the time scale 
es | in milliseconds marked thereon except in A, where time scale as in B. Note faster time base 
Be for C and D. A, gastrocnemius motoneurone showing at top virtual zero response to a 


stimulus a few per cent weaker than the threshold. B and C, as in A, but for motoneurones of 
muscles of sole of foot and biceps-semitendinosus (BSt.) respectively. D and E, antidromically 
and orthodromically evoked spikes for motoneurones of BSt. and Gastroc. respectively. In 
D, arrows mark inflexion at commencement of soma spike. 


TaBLz 2. Membrane resting and action potentials. Direct measurements with approximate 
correction for liquid-junction potentials 


Spike 
Tissue Reference (mV) 

Giant nerve fibres of squid Hodgkin & Katz (1949) 62 88 26 
Giant nerve fibres of sepia 4Weidmann (1951) 62 120 58 
Frog muscle Ling & Gerard (1949) 90 —_ — 
| Nastuk & Hodgkin (1950) aS 119 31 

Frog heart Woodbury & Woodbury (1950) 60 81 21 
Mammalian heart (dog) | Draper & Weidmann (1951) 90 121 31 
ian motoneurones This paper 70 95* 25 


, Probably about 110 mV when allowance is made for distortion in recording and for the 
_ external membrane potential (cf. p. 436). 
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internal negativity of about 70 mV was reversed to an internal positivity 
having a mean value of about 25 mV. The mean voltage of the neuronal spike 
potential was thus about 95 mV. However, as with the resting potential, all 
defects of the experiment would tend to make the recorded spike potential 
lower than its normal value; hence our highest values, 100-110 mV (Table 1), 
probably give the most reliable value for the neuronal spike potential as 
recorded with our technique; allowance for distortion by the recording system 
would add about 10% to this value (cf. p. 436). A further small addition (up to 
5%) should be made in order to allow for the potential of the exterior of the 
membrane relative to earth, for as much as 5 mV negative to earth was 
recorded for a neuronal spike when the micro-electrode was just touching the 
outside of the neuronal membrane, and this spike peak was virtually 
synchronous with the internally recorded spike. Thus the actual change in 
membrane potential during a spike was probably as high as 110-120 mV for 
some neurones at least. | 

The action potential observed when the antidromic impulse involved 
merely the non-medullated segment of the motor axon and failed to invade 
the soma and dendrites of a motoneurone will be described in a later paper 
(Brock et al. 1952). 

The spike of the action potential terminated fairly sharply in a small after- 
negativity (Fig. 3), so it was possible to measure spike duration with some 
assurance. Analysis of the spike action potentials set up by antidromic 
invasion and by synaptic excitation (Brock et al. 1952) has shown that, in 
both, the spike response of the neurone began at the inflexion on the rising 
phase (marked by arrows in Fig. 3D). In the former the inflexion indicates 
the origin of the neuronal spike from the spike in the non-medullated axon; 
in the latter its origin from the synaptic potential (Results, § C). The spike 
durations in Table 1 are measured from this inflexion to the termination in the 
after-negativity. The mean value (about 1-0 msec) is considerably longer than 
the spike for nerve fibres, which would be no longer than 0-5 msec for the large 
motor fibres of mammalian nerves at body temperature (Gasser & Grundfest, 
1936; Grundfest, 1940). 

In a number of experiments the spikes were photographed with a fast time 
base so that the maximum slopes of the rising and falling phases could be 
measured. Values for the rising phase usually lay between 300 and 500 V/sec 
and for falling phase 200-250 V/sec. For example, in Figs. 3C, D and 4B the 
respective values are 480, 330 and 420 V/sec for the rising phase and 250, 250 
and 240 V/sec for the falling phase. These values are a little more than half 
those recorded for non-medullated giant fibres (Hodgkin & Katz, 1949; 
Weidmann, 1951), a difference which corresponds to the longer spike duration. 
There are no measurements of the absolute values of the rising and falling phases 
_ for mammalian axonal spikes, but these, too, would be considerably larger than 
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- the neuronal spikes, since the spike duration is briefer (Gasser & Grundfest, 
1936). However, these relative assessments should take account of the dis- 
tortion which reduced the steepness of slope in our records (cf. p. 436). 


Fig. 4. As in Fig. 3D and E, but orthodromic volleys in appropriate muscle afferent fibres 
evoking merely synaptic potentials and not spikes. All responses recorded in quick succession 
from same BSt. motoneurone, the respective antidromic and orthodromic responses being 
recorded with slow and fast speeds and low and high amplifications. Note respective time and 
potential scales, millisecond marks shown in A, B and D. No antidromic response at fast 
speed and high amplification is shown in D. Note dorsal root spike records in C and D. 
Throughout this paper these potentials are recorded with negativity of the root downwards 
and no voltage scales are shown for these records. 


When the motoneurone was in good condition, the spike terminated in an 
after-negativity, usually without any interposed dip (Figs. 3A—C, E and 4A), 
but with several neurones such a dip could be detected, the most prominent 
example being seen in Figs. 3D and 7B. After several milliseconds the after- 
negativity reversed to a prolonged after-positivity (cf. Fig. 4), which reached 
its maximum at 10-15 msec after the onset of the spike and then slowly 

_ declined, return to the resting membrane potential being attained at about 
100 msec from the spike onset. This latter value was rather indeterminate 
(Fig. 5). 
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The time course of the after-positivity conformed with the positive after- 

potential of the A fibres of peripheral mammalian nerve (Gasser & Grundfest, 
1936), but its size was much greater relative to the spike potential. Thus the 
positive after-potential of neurones was usually between 3 and 6 % of the spike 
potential (mean 4-5 %), whereas with nerve it was only about 0-2 %, extreme 
values 0-1 to 0-4% (Gasser & Grundfest, 1936; Grundfest, 1940). The present 
experiments give final confirmation of previous experiments which showed 
more indirectly that motoneurones developed a much larger positive after- 

potential than nerve fibres (Eccles & Pritchard, 1937; Gasser, 1939; Brooks, 
Downman & Eccles, 1950a, 6; Lloyd, 1950). 


Fig. 5. Intracellular action potentials from BSt. (A) and Gastroc. (B) neurones respectively, 
recorded at high amplification and slow time base to show complete course of positive after- 
potential following an antidromic spike. Small waves on latter part of B show synaptic noise 
(cf. Fig. 11C). Time scale applies to A and B. 


Presumably, too, the neuronal after-negativity may be identified with the 
negative after-potential of mammalian A fibres, which would have virtually 
the same size and time course if allowance is made for the much smaller size 
of the positive after-potential of the latter. However, an alternative explana- 
tion is that part at least of the after-negativity is attributable to the spike 
response of fine dendritic terminals which are invaded by slow impulse 
propagation from the soma along the dendritic branches (cf. Lorente de N6, 
1947). Lloyd (1950) describes the spike of the dendrites as being so delayed 
that the total negative complex evoked antidromically—motor axon, soma 
and dendrites—occupied almost 5 msec. Possibly the dip rarely observed 
between the spike potential and the after-negativity (Figs. 3D and 7B) could 
be regarded as indicative of the onset of a new extensive phase of invasion 
after a period of slow propagation, but such a rising onset of the negative 
after-potential was encountered with frog nerve (Gasser & Graham, 1932), in 
contrast to its invariable absence in mammalian nerve. A constant observation 
has been that the after-negativity is suppressed when rapid deterioration of 
the motoneurone has set in with diminishing resting potential and action 


potential. A closely similar state has been observed in peripheral nerve both — 


of frog and cat during a catelectrotonus (Graham, 1942). The deteriorating 
motoneurone would presumably be in a state of catelectrotonus on account 
of the flow of injury current through a hole in the surface membrane that is 
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no longer sealed by the micro-electrode. Hence the virtual absence of after- 
negativity is satisfactorily explained if it be attributed to a true negative 
after-potential. It has further been observed that the after-negativity is 
increased when the spike is set up during a pre-existent positive after- 
potential. This effect is characteristic of the negative after-potential of 
sympathetic ganglia (Kecles, 1935, 1936; Lloyd, 1939); hence further experi- 
mental support is provided for the identification of the after-negativity as 
a true negative after-potential. 


: “There will be further discussion in a later paper in which an analysis is 


presented of potentials set up by synaptic excitation of motoneurones. The 
following section gives a brief account of the simplest potentials so produced. 


C. Potentials generated by monosynaptic excitation of a motoneurone 


When the micro-electrode was inserted into a motoneurone, as shown by 
the membrane potential (Results, § A) and the antidromic action potential 
(Results, § B), it was usually possible to find a muscle nerve whose group I 
afferent impulses generated an action potential (Figs. 3D, E and 4C, D) which 
was shown by its very short latent period to be attributable to monosynaptic 
excitation. No attempt has been made to discriminate between synergic 
muscles in this respect, for it has been customary to stimulate the combined 
nerves to any group of synergic muscles. It has been found, in agreement with 
Lloyd (1943, 1946, 6), that any one motoneurone was usually mono- 
synaptically excited from only one such synergic group. However, exceptions 
have been observed. For example, one motoneurone had a large and a small 
monosynaptic excitation from the nerve to gastrocnemius and peroneus longus 
respectively and another from the nerves to biceps-semitendinosus and 
quadriceps respectively (Fig. 6). Both the location in the cord and the very 
effective monosynaptic excitation would identify these motoneurones as 
gastrocnemius and biceps-semitendinosus respectively, which had additionally 
small aberrant monosynaptic innervations. Such aberrant effects would be 
identifiable only by intracellular recording, and are of interest solely because 
they indicate that the monosynaptic innervation of motoneurones is not 
always rigidly determined in accordance with synergic grouping. 

As shown in Fig. 4 A~D, monosynaptic excitation sets up an action potential 
which has a brief rising phase of membrane depolarization and a much slower 
decay. As measured from the first reversal of potential in the triphasic spike 
record of the afferent volley in the dorsal root (cf. Fig. 4D), the latent period | 
of this action potential was about 0-6 msec, which is virtually identical with 
the latent periods of the focal and ventral root synaptic potentials that would 
be similarly produced (Brooks & Eccles, 19476; Eccles & Rall, 19516). The 
summit of the action potential usually occurred at 0-6-1 msec after its onset 
(Figs. 4 and 7A), but values up to 1-5 msec have been observed with large 
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responses. The maximal rate of rise of the potential has been as high as 
50 V/sec (Fig. 7B), but such a steep onset has always quickly terminated in 
the still steeper rise characteristic of the spike action potential (cf, Fig. 3 D). 
However, this all-or-nothing response did not usually occur with gradients 
below 30 V/sec. As shown in Figs. 4 and 7A there was an approximately 
exponential decay from the summit with a half-time that usually ranged from 
2-5 to 3-5 msec. However, as shown in Fig. 8 A, with high amplification and 
slow recording, the initial membrane depolarization reversed to a very slight 
hyperpolarization, which in its time course resembled the positive after- 
potential that followed the spike response (Fig. 5). Repetitive synaptic 
activation was followed by a larger positive after-potential just as was 
observed by Eccles & Rall (1951a) with ventral root synaptic potentials 
(Fig. 8B). 


Fig. 6. Intracellular action potentials set up in the same biceps emitendinosus neurone by 
afferent volleys in quadriceps nerve (A) and biceps itendinosus nerve (B). Note large 


gradation of synaptic potential in B. First record of A gives response to very small quadriceps 
volley, being apparently all-or-nothing. The longer latent period in A is presumably at- 
tributable to the long intramedullary conduction time down the cord from the entry at 
L5 or L6 segments to the BSt. neurone in 81 segment. 


Discrimination between potentials arising extrinsically to the motoneurone 
and those generated by the surface membrane of the motoneurone can be 
established by comparing the potentials recorded with the micro-electrode 
immediately outside the neurone with those recorded in the intracellular 
position. Extrinsically generated potentials will not be significantly affected 
by the penetration of the membrane. Such potentials are recorded by an 
extracellular micro-electrode because potential gradients arise on account of 
the extrinsic field of current flow (cf. Renshaw, Forbes & Morison, 1940; 
Brooks & Eccles, 19476; Lorente de N6, 1947). Furthermore, when the micro- 
electrode has penetrated a motoneurone, potentials generated extrinsically to 
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the motoneurone will likewise be recorded because the potential of the whole 
motoneurone relative to earth will rise or fall with the potential of its surround. 


’ Potential changes caused by currents that penetrate the motoneurone’s 


surface membrane would produce some modification, but it would merely be 
a small temporal deviation attributable to the time constant of the membrane. 
On the other hand, potential changes generated in the membrane of a moto- 


Fig. 8 


Fig. 7 
Fig. 7. Intracellular potentials set. up in BSt. neurone by various sizes of volley in BSt. nerve; 
note the sizes of dorsal root spikes. A shows synaptic potentials of corresponding 
in size, the largest setting up a spike. Faster record of this response in B, showing spike 
arising at arrow from initial synaptic potential. : 
Fig. 8. Intracellularly recorded synaptic potentials set up by gastrocnemius afferent volley in 
gastrocnemius motoneurones. A, single afferent volley, the rapid rising phase of synaptic 
potential being too fast to photograph. B, repetitive afferent volleys in another gastrocnemius 
motoneurone, the dorsal root spike potentials also being shown. Same time scale as for A. 


neurone would be completely transformed on penetration of that membrane, 
being not only inverted, but also greatly increased. Both these criteria 
establish definitively that the action potential set up by synaptic excitatory 
action is generated in the surface membrane of the motoneurone. Thus in 
Fig. 9.A the small diphasic presynaptic spike potential is shown together with 
the later ‘focal synaptic potential’ (cf. Brooks & Eccles, 19476). Immediately 
afterwards the micro-electrode penetrated the surface membrane of the 
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motoneurone, as shown by the appearance of a resting potential of 80mV and 
an antidromic spike potential of 98mV. At the same time the action potential 
set up by the afferent volley was transmuted as shown in Fig. 9B. As pre- 
dicted, the initial presynaptic spike was virtually unaltered in size, polarity 
and time course, but in contrast the ‘focal synaptic potential’ was inverted 
and increased almost twentyfold, so that a much lower amplification (Fig. 9 C) 
was necessary in order to record its summit. It also ran a slower time course, 
and a slower time base (Fig. 9E) was needed for a complete record. It will be 
noticed that, with the exception of Fig. 9B and C, our internally recorded 
potentials are reproduced with increasing negativity downwards, in contrast 
to the usual convention for external leads, where it is plotted upwards. How- 
ever, the convention here adopted (except for Fig. 9) conforms to the general 
convention that membrane depolarization is plotted upwards, and has been 
adopted by almost all workers with intracellular electrodes, Marmont (1949) 
being an exception. os 

It has been postulated that the so-called synaptic potentials recorded focally 
in a motor nucleus and after electrotonic transmission in a ventral root have 
@ common origin in a depolarization of motoneurones by synaptic excitation 
that was too weak to generate a reflex discharge (Eccles, 1946; Brooks & 
Kecles, 19476; Eccles & Rall, 1951a, 6). It was further assumed that this 
postulated depolarization had the same latency as the two types of recorded 
synaptic potential, that the summit was reached in a millisecond or so, and 
that the decay was much slower, having a half-time of about 3 msec, a value 
which was indicated by the decays of three types of facilitation curves (Eccles, 
1946; Lloyd, 1946a@; Brooks & Eccles, 19476). These postulates have been 
precisely confirmed by the direct records of the membrane depolarization 
produced by synaptic excitation (Figs. 4, 7A and 9C,D), which are now 
available for the first time. Thus it has been definitively established that 
synaptic excitation generates a depolarization of the motoneurone which has 
a time course that reveals its causal relationship not only to the focal and 
ventral root synaptic potentials, but also to facilitation phenomena revealed 
in the motoneurone. The contrary suggestion of Renshaw (1946) and Lloyd & 
McIntyre (1949) that the focal synaptic potential and the associated facilita- 
tion phenomena are generated exclusively presynaptically has been rendered 
untenable. 

The membrane depolarization that is produced by synaptic excitation and 
directly recorded by an intracellular electrode is strictly the ‘synaptic 
potential’. The distorted and indirect potentials previously recorded should 
be called the ‘focal synaptic potential’, and the ‘ventral root synaptic 
potential’ respectively. The intracellularly recorded synaptic potential is to be 
compared with the intracellularly recorded end-plate potential generated at 
the motor end-plate by a motor nerve impulse (Fatt & Katz, 1950a; Nastuk, 
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1950). A systematic investigation of the intracellularly recorded synaptic 
potential will be described in a later paper (Brock et al. 1952). Special problems 
there treated will be the mode of action of the synaptic transmitter, the nature 
of the synaptic potential, and the manner in which it generates a spike action 
potential. Polysynaptically produced potentials will also be described. 


| Fig. 10 
Fig. 9. Potentials recorded in response to an afferent volley in BSt. nerve, A, extracellularly in 
the BSt. nucleus, and B-E, intracellularly in a BSt. motoneurone. Afferent volley size 
constant throughout series. A~C have same convention of plotting, as shown by presynaptic 
spike. D is identical with C, but with reversed printing, the usual convention of this paper. 
: Note resulting inversion of dorsal root spike. Further description in text. 
_ Fig. 10. Intracellular potentials set up in a BSt. motoneurone by two afferent volleys in BSt. 
nerve, the first being submaximal for group I fibres, the second being set up by a supra- 
maximal stimulus. Note that summation to set up a spike occurred at the shortest interval 
(first record), the intervals of the second and fourth, which are equal, being just critical. 
A and B show precisely the same responses but at high and low amplifications respectively. 


In Fig. 7A it is seen that, as the afferent volley was increased in size, there 
was an increase in the size of the membrane depolarization, but no significant 
alteration in its time course, until, at a certain critical size, an impulse was 

generated in the motoneurone. The critical size was usually 8-15 % of the 


= 
AG 
a 
3 
2 
al 
a 
& 
4 
| 
a 
J 


448 L. G. BROCK, J. 8S. COOMBS AND J. C. ECCLES 


spike action potential, i.e. 6-14 mV. As seen in Fig. 3D, and Table 1, the 
synaptically initiated impulse closely resembled, both in time course and 
voltage, the impulse produced by antidromic invasion of the motoneurone. 

Often a maximum group I afferent volley failed to initiate an impulse. 
Spatial facilitation is illustrated by the observation in Fig. 7A that the 
summed depolarizations generated by many activated synaptic knobs were 
necessary to set up an impulse in a motoneurone. We have investigated 
temporal facilitation by summing successive volleys down the same afferent 
fibres (cf. Eccles, 1946). For example, with two afferent volleys at a short 
interval (Fig. 10), the depolarization produced by the second was superimposed 
on the decaying phase of the first and so could reach the critical level (in this 
case 13-7 mV) for initiating an impulse (cf. Eccles, 1946; Eccles & Rall, 19512). 

~D. Electrical ‘noise’ level of motoneurones 

Two’ kinds of noise have been associated with micro-electrode recording 
from motoneurones, one being seen when the micro-electrode was just on the 
point of penetrating the membrane, the other when it was intracellular. 


Fig. 11. Electrical ‘noise’ recorded with various positions of the micro-electrode. A, extracellular 
and distal from neurones. B, a series of extracellular records with same micro-electrode and 
same time-base speed and amplification but in close apposition to neuronal surface membrane. 
C, series of records with intracellular electrode in BSt. neurone in another experiment to show 
random ‘synaptic noise’. 3 

Surface membrane noise. It has regularly been observed that, as the micro- 

electrode entered into close contact with a neurone, the noise level (cf. Fig. 11 A) 

increased several times to give the characteristic noise pattern shown in 

Fig. 11B, where the peak voltages were as much as 0-5 mV. A change in 

micro-electrode resistance due to sealing of its orifice by the highly resistant 

surface membrane of the neurone could not cause a noise of this type. In an 
experimental test a change of resistance in the input circuit from 10 MQ 

(the normal electrode resistance) to 105MQ did not appreciably increase the 
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amplitude of the noise peaks with the usual sweep speeds such as in Fig. 11B. 
Presumably, therefore, the noise was actually produced by the surface 
membrane, and thus would be attributable to changes in the ionic flux through 
the membrane or less probably to changes in its capacitance. Under the 
conditions in which this noise was observed the micro-electrode would be 
recording selectively from a very small area of the membrane and it is possible 
that the noise of Fig. 11B represents the fluctuations of voltage that are 
normally occurring on any small area. Alternatively the mechanical stress 
caused by the close apposition of the micro-electrode might cause irregularities 


in the ionic flux. 


Calculation shows that there would be a flux of almost 10‘ ions per sec 
across an area of membrane equal to that of the orifice (approximately 
10-* cm*) when the ionic flux is of the order of 20 x 10-1 mole. cm-* sec-!, 
which is the approximate value for the surface membrane of giant fibres 
(Keynes, 1951a 6; Keynes & Lewis, 1951). Assuming that the membrane has 
a capacity of 1 uF /cm*, the passage of one ion would produce a voltage change 
of 0-16 mV in a membrane of area 10-* cm*. However, the input capacitance 
of the whole detector system was of the order of 4uF', which would require 
12,000 ionic charges to produce the observed noise peak voltages of 0-5 mV. 
Hence it appears necessary to postulate that the ionic flux would occur in 
bursts either normally, or, at least, under conditions of mechanical stress. 

Synaptic noise. As shown in Fig. 11C, intracellularly recorded noise has 
been largely composed of irregularly spaced potential waves that have the 
temporal courses of synaptic potentials. As a rule the individual potentials 
ranged in voltage from 0-5 to 1-5 mV, but waves as small as 0-2 mV have been 
identifiable. Presumably this noise is attributable to the random synaptic 
bombardment of motoneurones that continues even after section of the spinal | 
cord and in light anaesthesia. Since it has been more evident with flexor 
motoneurones than with extensor, it may be attributable to afferent impulses 
from injured tissues, which would tend to evoke flexor reflex activity. 

This noise is of interest because its random character indicates that it is 
generated by the random bombardment of the motoneurone by single afferent 
impulses. Thus a single impulse in a single presynaptic fibre produces a 
synaptic potential of 0-5-1-5 mV. Since an impulse is generated in a moto- 
neurone by a synaptic potential of about 10 mV (Results, § C), the convergence 
of approximately ten presynaptic impulses on a motoneurone would be 
required in order to evoke a reflex discharge. However, these values of 
0-5-1:5 mV must not be ascribed to the action of single synaptic knobs, for 


one presynaptic fibre has many knobs in contact with a neurone (Cajal 1909; 


Lorente de Né, 1938). 
Fatt & Katz (19506) described intracellular noise in the neighbourhood of 
motor end-plates. It differed from the intracellular noise here described, 
PH. CXVII. 29 


woh 
4 
=f 
2 


450 L. G. BROCK, J. S. COOMBS AND J. C. ECCLES 


because it was associated merely with localized activity of the motor nerve 
terminals. Possibly an analogous noise also exists for synaptic knobs, but it 
would be of too low a voltage for identification by the present technique. 


E. Potentials generated by ‘direct’ inhibitory action on motoneurones 

Direct inhibition is exerted by the large group I afferent fibres of a muscle 
on the motoneurones of the antagonist muscles (Lloyd, 1946, 5), being called 
‘direct’ on account of the brevity of its latent period. The reflex discharge 
monosynaptically generated by an afferent volley is effectively inhibited when 
the inhibitory volley enters the cord just before the excitatory volley. It 
exerts its maximum inhibitory effect when only 0-5-1 msec earlier, and the 
inhibition rapidly declines (with a half-<ime of about 2-8 msec) as the inhibitory 
volley is moved still earlier. | 

The so-called Golgi-cell hypothesis (Brooks & Eccles, 1947a) is the only 
attempt to offer a precise explanation of direct inhibition. It postulates that 
the inhibitory fibres end synaptically on interneurones (Golgi cells) whose 
short axons have synaptic knobs on the motoneurones that are inhibited. The 
generation of a synaptic potential in the Golgi cells would cause their axons 
to become sources to the sinks on the soma and dendrites, and hence their 
synaptic knobs would set up anelectrotonic foci subjacently on the moto- 
neurones. These anelectrotonic foci exert the inhibitory effect by preventing 
the spread and fusion of the scattered local responses generated by the mono- 
synaptic excitatory actions of the impulses in the test afferent volley. 
According. to this hypothesis an inhibited motoneurone would be in the 
potential field generated by the sources corresponding to the sinks on the 
Golgi cells, i.e. it would be positive to the indifferent earth lead. This predicted 
potential was observed by an extrinsic micro-electrode (Brooks & Eccles, 
1948 a). A further prediction of the Golgi-cell hypothesis would be that a 
potential change in the same direction would be observed when a micro- 
electrode is inserted inside the inhibited motoneurone, for the postulated 
potential is generated in the Golgi cells and hence would be virtually unaffected 
by the motoneurone’s surface membrane (cf. the argument concerning pre- 
synaptic potentials in Results, § C). 

Fig. 12 A and C show typically the potentials recorded by an intracellular 
electrode in a biceps-semitendinosus neurone by group I afferent volleys in 
the nerve to quadriceps muscle, as well as, for comparative purposes, synaptic 
potentials generated by a biceps-semitendinosus volley (Fig. 12B, D). Pre- 
liminary experiment had shown that the quadriceps volley exerted the typical 
and large direct inhibitory effect on the monosynaptic reflex discharge from 
biceps-semitendinosus neurones. About 1-5 msec after the quadriceps volley 
was recorded in the dorsal root, it caused the interior of the biceps-semi- 
tendinosus neurone to become more negative relative to earth. This effect 
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reached its maximum in about 1 msec and decay therefrom occurred with 
a half-time of about 2 msec in Fig. 12 A and 1-6 msec in Fig. 12. The latent 
period and summit times showed little variation in our experiments, but the 
decay rate showed considerable variation, extreme values for half-times being 


Fig. 12. A and C, intracellular potentials set up in BSt. neurones by single afferent volleys in 
quadriceps nerve of increasing size from above downwards. Note the sizes of dorsal root 
spikes in A particularly. B and D, synaptic potentials set up by an afferent volley in BSt. 
nerve in same neurones as A and C respectively. E, potentials set up by quadriceps and BSt. 
afferent volleys combined at various intervals, the respective controls being seen in first 
record of C and in D. Note same time scale for all records, but separate potential scales for 
each section. 


1-5 and 5 msec. The size has usually been between 1 and 2 mV, and the slope 
of the rising phase has been as large as 7 V/sec. Likewise secondary inhibition, 
e.g. the inhibitory effect of cutaneous afferent impulses on extensor moto- 
neurones, was also associated with an increased negativity of the intracellular 
electrode, as will be described in a later paper (Brock et al. 1952). 
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Thus the potential change observed is directly opposite to that predicted 
by the Golgi-cell hypothesis, which is thereby falsified. Since the potential 
produced by the inhibitory volley was reversed by penetrating the membrane, 
it must have been generated in the membrane (cf. the argument of Results, §C). 
The increased internal negativity of Fig. 12 thus shows that the inhibitory 
volley has caused the surface membrane of the motoneurone to give an active 
anelectrotonic reaction, for the potential reveals that there has been an over-all 
increase in the membrane polarization. Such an anelectrotonus would of 
course provide a satisfactory explanation of the inhibitory effect. Presumably 
the inhibitory impulses produce subsynaptic anelectrotonic foci by direct 
action on the motoneurone and.these act by preventing the spreading and 
fusion of excitatory foci, but not their initiation, just as was postulated by the 
Golgi-cell hypothesis. Note for example the summation, without appreciable 
interaction, of the potentials produced by the inhibitory and excitatory foci in 
Fig. 12E. In fact all the experimental evidence in support of the Golgi-cell 
hypothesis (Brooks & Eccles, 1948a, 6; Brooks, Eccles & Malcolm, 1948) 
merely indicated that the inhibition was attributable to anelectrotonic foci 
on the motoneurone, but did not discriminate between their passive production, 
as in the Golgi-cell hypothesis, and their active production, as has now been 
established experimentally. A difficulty, however, arises in attempting to 
explain the manner in which impulses can produce active anelectrotonic foci. 
It would seem that the anelectrotonic local responses described by Arvanitaki 
(1943) are otherwise explicable (Eccles, 1948), and that there is no evidence 
for an active anelectrotonic reaction by the surface membrane of nerve fibres 
(cf. Hodgkin, 1938; Cole & Curtis, 1941; Hodgkin & Rushton, 1946; Katz, 
1948; Hodgkin e al. 1949). Thus any electrical explanation of inhibitory 
synaptic transmission seems to be now excluded. 

It may therefore be concluded that inhibitory synaptic action is mediated 
by a specific transmitter substance that is liberated from the inhibitory 
synaptic knobs and causes an increase in polarization of the subjacent 
membrane of the motoneurone. Possible mechanisms of this action will be 
considered in the Discussion. 

DISCUSSION 
The problem of continuity versus discontinuity at the synapse can now be 
regarded as decisively settled. Fig. 9 shows that, so far as the presynaptic 
volley is concerned, the internal micro-electrode records its potential extra- 
cellularly. Continuity between the presynaptic fibres and the motoneurone 
is thus excluded. 

The definitive nature of this evidence can be appreciated by the records 
illustrated in Fig. 13 A from the one neurone, out of a total of about sixty, 
which gave the contrary evidence. Depolarization of the motoneurone com- 
menced as soon as 0-1 msec after the arrival of the afferent volley in the dorsal 
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root (measured from first reversal of potential). Later, after the usual delay 
of about 0-6 msec, there was superimposed a much larger depolarization which 
corresponded in all respects to the normal monosynaptic potential (cf. two 
upper records of Fig. 13A). By varying the strength of the stimulus to the 
afferent nerve the initial depolarization was found to be an all-or-nothing 
process, being set up presumably by an impulse in a single afferent fibre. 


Fig. 13. Intracellular recording from BSt. neurone of responses generated by an afferent volley in 
BSt. nerve. A shows effect of progressive increase in size of BSt. volley (of. the dorsal root 
spike potentials). Note first record at slower sweep speed, milliseconds being indicated by 
mark-spacer. B shows, similarly, effect of progressive increase in BSt. volley earlier in 
investigation on same neurone. Lower amplification and slower sweep. Further description 
in text. 


A little earlier in this same experiment that particular afferent fibre had been 
still more effective, for a spike was set up in the motoneurone with a similar 
very short latency of about 0-15 msec (Fig. 13B). In contrast, a weaker 
stimulus set up a synaptic potential having the usual latency of about 
0-6 msec, which in turn set up a neuronal spike potential if it was large enough 
(Fig. 13 B, two upper records). It does not seem possible to attribute this very 
short latency to an afferent fibre of exceptionally high conduction velocity, 
for that conduction velocity would have to be at the impossibly high figure 
of almost 200 m/sec in order to allow time for a normal synaptic delay, and = 
the fibre, moreover, had a fairly high threshold. The most probable explanation 
of this rare anomaly is that the micro-electrode had pushed into the nerve cell 
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the damaged end of one of the terminal branches of an afferent fibre, thus 
artificially establishing continuity from presynaptic fibre to motoneurone. 
Presumably this is a rare occurrence because the very small tip of the micro- 
electrode normally pushes its way between the synaptic knobs which lie so 
thickly encrusted on the motoneurone’s surface (cf. Cojal, 1909; Lorente de Né, 
1938; Haggar & Barr, 1950). 

There is as yet no accurate data on the resting sieatial of mammalian 
motor nerve fibres, but the values for the motoneurone’s resting potential are 
of the order obtained for frog nerve fibres (Woodbury & Woodbury, 1950; 
Huxley & Stampfli, 1951), and mammalian heart muscle (Draper & Weidmann, 
1951); hence it may be assumed that there is no large difference in resting 
potential between the soma and dendrites of the motoneurone on the one hand 
and the axon on the other. Any difference in potential would cause a current 
to flow under resting conditions, as was suggested by Gerard (1941) and in 
— Gesell’s theory of synaptic excitatory and inhibitory action (Gesell, Hansen & 
Siskel, 1947). However, the hypotheses developed in this paper do not require 
such a resting current, and the postulated mechanisms of synaptic excitatory 
and inhibitory action would be seriously disturbed by a large resting current 
such as occurs, for example, in anoxia (van Harreveld, 1946; Brooks & Eccles, 
1947¢; Lloyd, 1950). 

The spike action potential of the neurone also corresponds fairly closely to 
the value that probably obtains for the motor axons as judged by values for 
frog nerve fibres (Huxley & Stampfli, 1951; Woodbury & Woodbury, 1950). 
However, its duration is approximately twice as long and the rising phases 
would be correspondingly less steep. Perhaps this increased duration is in 
part attributable to the slowed conduction along the dendrites (Lorente de Né, 
1947; Barakan e@ al. 1949; Lloyd, 1950). But the relatively prolonged 
refractory period (Brock ef al. 1952) does indicate that there is an actual 
lengthening of the spike process for any one area of the soma membrane. Thus, 
on the sodium hypothesis of the nerve impulse (Hodgkin & Katz, 1949; 
Hodgkin et al. 1949; Keynes, 19510), there would be a more prolonged action 
of the sodium carrier; and possibly, relatively to the axonal membrane, a 
larger gain of sodium and loss of potassium. 

It has been suggested (Hodgkin & Huxley, 1947) that the positive after- 
potential is caused by an enhanced activity of the ‘sodium pump’ that 
extrudes sodium from the cell. Relative to the spike potential, the positive 


after-potential is over twenty times larger for the neuronal spike than for the 


axonal spike; hence the neuronal membrane appears to have a much more 
powerful sodium pump. Possibly the high metabolism of nerve cells (Gerard, 
1938; Pearce & Gerard, 1942; Craig & Beecher, 1943; Kety & Schmidt, 1945; 
Bronk, Larrabee & Davies, 1946; Bronk, Larrabee & Gaylor, 1948; Arvanitaki 
& Chalazonitis, 1949), and their rapid depolarization by anoxia (van Harreveld, 
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1946; Brooks & Eccles, 1947c) are related to the much greater flux of sodium 
ions across the surface membrane under resting conditions. Thus there would 
be a much larger inward diffusion of sodium due to a high sodium permeability 
(cf. Hodgkin & Katz, 1949; Keynes, 1951a, 6), and, in order to maintain a 
steady state for sodium, a correspondingly greater outward flux almost 
entirely due to the sodium pump. The inward flux of sodium would cause 
a rapid depolarization of the membrane if there were any interference, e.g. 
by anoxia, with the metabolic processes that provided the energy for the 
pump. 

Since the experimental evidence has falsified the Golgi-cell hypothesis of 
inhibition and left the chemical transmitter hypothesis as the only likely 
explanation, it suggests further that excitatory synaptic action is also mediated 
by a chemical transmitter. Since the presynaptic potentials recorded by the 
intracellular electrode (cf. Fig. 9) are no larger than those recorded extra- 
cellularly, the synaptic knobs have no special method of injecting current 
across the post-synaptic membrane. The striking contrast between the small 
presynaptic spike and the large synaptic potential (Fig. 9B, C) further makes 
it appear improbable that the trans-synaptic flow of current would be adequate 
to evoke that large post-synaptic response. On the electrical theory of trans- 
mission it does not seem possible to provide an explanation for the great 
amplification observed. On the other hand, just such a large amplification is 
actually produced by the chemical transmitter mechanism at the neuro- 
muscular junction, where the most probable explanation is that the acetyl- 
choline liberated from the nerve terminals triggers off the sodium carrier 
mechanism. Doubtless the acetylcholine would also itself directly produce 
depolarization by penetrating the end-plate membrane, as Fatt (1950) has 
shown, but the quantity of acetylcholine liberated by an impulse would not 
carry, as cations, one-thousandth of the charge required to give the observed 
end-plate potential. The nature of the synaptic excitatory transmitter, how- 
ever, remains obscure. It is improbable that acetylcholine is the monosynaptic 
transmitter substance, not only because the dorsal root fibres have such a low 
acetylcholine and choline acetylase content (Loewi & Hellauer, 1938; Mac- 
Intosh, 1941; Loewi, 1945; Feldberg, 1945, 1950), but also (Eccles, 1946, 1947) 
because (i) even high concentrations of anticholinesterases have a negligible 
effect on synaptic potentials set up by repetitive stimulation, and (ii) synaptic 
transmission is but little depressed by soaking the isolated frog spinal cord in © 
relatively high concentrations (10-*) of acetylcholine plus anticholinesterase. 
It has been suggested that the transmitter substance which is liberated at the 
peripheral ends of sensory nerve fibres and causes antidromic vasodilatation is 
the same as the synaptic transmitter at the central synapses of those nerve 
fibres (Feldberg, 1945, 1950), Recent work (Holton & Perry, 1951) indicates 
that this substance is neither acetylcholine nor histamine, and further throws 
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doubt on the suggestion of Hellauer & Umrath (1948) that the substance 
liberated by’ sensory nerve terminals is destroyed by an enzyme that is 
inhibited by strychnine. 

Not only is the nature of the inhibitory transmitter just as obscure, but in 
addition its mode of action raises a difficult problem. By triggering off the 
sodium carrier mechanism, the excitatory transmitter commands a mechanism 
of ion transport that is capable of depolarizing the membrane at a rate up to 
500 V/sec. The maximum rate that we have observed for the rise of the synaptic 
potential is about 10% of this rate, but even then is unexpectedly high when 
allowance is made for the relatively small fraction of the neuronal membrane 
_ that would be subjected to the action of the transmitter substance (cf. Haggar & 
Barr, 1950). With the inhibitory response the maximum rate of hyperpolariza- 
tion of the membrane that we have observed has been only 7 V/sec, but a rate 
of at least 20 times that value would presumably occur at the foci of action of 
the inhibitory substance, i.e. under the inhibitory synaptic knobs. There is now 
convincing evidence that the membrane potential is essentially a Donnan 
potential determined by the relative potassium concentration on the two sides 
of the membrane. Sodium and chloride ion movement also contribute to the 
membrane potential of excised nerve fibres that are not in a steady state 
(Hodgkin & Katz, 1949; Huxley & Staémpfli, 1951; Keynes, 1951la, 6). But, 
when a nerve fibre or cell is in a steady state for sodium, as it would be 
normally in vivo, the sodium pump would extrude as much sodium as diffused 
in, and the relative sodium concentrations would play no direct role in deter- 
mining the resting membrane potential. The conditions would then be simply 
those postulated by Boyle & Conway (1941) with reciprocity obtaining for the 
relative potassium and chloride ion concentrations outside and inside. Under 
such conditions the membrane potential would be logarithmically related 
to the relative potassium (or chloride) concentration in accordance with the 


Nernst diffusion equation, and any alteration of the permeability to potassium — 


or chloride would have no effect on the membrane potential. It would thus 
appear that the simplest explanation of the hyperpolarization produced by 
the inhibitory substance would be that it caused an increased net outward flux 
of sodium ions. This effect could be brought about either by a decrease in the 
inward diffusion rate below the resting level, or an increase in the activity of 
the sodium pump. It seems improbable that the resting level of inward 
diffusion could be so high that its suppression would cause a voltage change 
of 100 V/sec under the inhibitory synaptic knobs. A resting flux as high as 
10~* mole. cm-* sec“! would be required for a membrane having a capacity of 
1F/cm?. Thus the alternative suggestion has to be seriously considered. 
Already it has been suggested that the neuronal surface membrane has a much 
more active sodium pump than the axonal membrane. There would thus be 
a high potential performance in the sodium pump, so that a transport rate of 
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sodium as high as 10-° mole. cm-* sec-! seems possible when it is fully 7 


activated by the inhibitory transmitter substance. 

No difficulty is presented in accounting for the manner in which the 
anelectrotonic foci give rise to all the phenomena of inhibition. The explana- 
tions will be identical with those developed in connexion with the Golgi-cell 
hypothesis (Brooks & Eccles, 1947a; Brooks & Eccles, 1948 a, 6; Brooks et al. 
_ 1948; Eccles, 1949, 1950), which likewise attributed inhibition to the action of 
anelectrotonic foci. These foci, however, were passively produced by the flow 
of current that was extrinsically generated. Amongst the earliest observations 
correlating inhibitory and excitatory reactions of nerve cells with the pro- 
duction of opposite electrical potentials were those of Granit (1933) on the 
retina, where the orientation of the neurones specially aids in the recording of 
neuronal electrical responses. These observations, as well as the more recent 
investigations on the effects of polarizing currents (Gernandt & Granit, 1947), 
are simply explained if excitatory and inhibitory synaptic actions ors foci of 
depolarization and hyperpolarization respectively. 

Thus, in conclusion, the experimental observations on synaptic excitatory 
and inhibitory action require for their explanation two specific transmitter 
substances. The excitatory substance probably acts by stimulating the sodium 
carrier mechanism, while it is suggested that the inhibitory substance possibly 
acts by stimulating the sodium pump. Detailed analyses of the time courses 
of production and removal of these two substances will be ai ual in later 
papers (Brock e al. 1952). 


ADDENDUM 


Since this paper was submitted for publication, Fatt & Katz (1951) have 
shown that the action of acetylcholine at the motor end-plate is explicable by 
a large non-selective increase in ion permeability, and not by a stimulation of 
the sodium carrier mechanism. Our observations on the action potentials set 
up by synaptic stimulation (spike and synaptic potential) give no indication 
of such a non-selective increase in ion permeability. For example, in contrast 
to the effect of the end-plate potential in reducing the muscle spike height 
by about 15 mV, the spike set up by synaptic stimulation was usually even 
a little higher (about 1 mV) than that set up antidromically (cf. Fig. 3D, E), 
but otherwise the spikes. appeared to be identical. However, the synaptic 
potential was relatively much smaller than the end-plate potential, and hence 
its effect would be much less. For example, the end-plate potential of muscle 
was about 70% of the resting potential, whereas for the neurone the synaptic 
potential would be usually less than 25% of the resting potential; hence it 
would be expected that there would be a much smaller increase in non-selective 
ion permeability, and consequently only a small diminution in spike height 
(about 2 mV according to calculations of Fatt & Katz, 1951). Our observation 
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of a small effect in the reverse direction might be attributable to the diminution 
of the antidromic spike by the forward shift of the non-medullated axonal 
spike relative to the soma-dendrite spike (Brock et al. 1952), and to the increase 
in dendritic invasion that might be expected to occur when the dendrites were 
partly depolarized by synaptic excitation. | 


SUMMARY 


1. Glass micro-electrodes, 0-5-ly external diameter, have been inserted 
into the motoneurones of the cat’s spinal cord. It has thus been possible to 
record, after suitable amplification, the action potentials of a single moto- 
neurone in virtual isolation from its fellows and at the full voltage developed 
across its surface membrane. Such impaled neurones have given virtually 
constant responses for as long as 2 hr. 

2. The resting membrane potential has averaged about 70 mV in moto- 
neurones that showed no overt signs of injury. 

3. The spike action potentials set up by antidromic or orthodromic activa- 
tion differed at their origin, but otherwise were virtually identical. The peak 
voltage was usually between 90 and 100 mV, giving a reversal of about 25 mV. 
The maximum voltage changes in the rising and falling phases of the spikes 
were about 400 and 250 V/sec respectively, and, after a total duration of 
1 msec, the spike terminated in a negative after-potential. Reversal to the 
positive after-potential occurred in a few milliseconds, its maximum voltage 
being about 5 % of the spike potential and its total duration about 100 msec. 

4. Monosynaptic excitation of the motoneurone set up a brief partial 
depolarization of the surface membrane (the synaptic potential). The rising 
phase was sharp, the summit being attained in about 1 msec, but decay 
therefrom was slower, half-time being 2-5-3-5 msec. When sufficiently large 
(about 10mV), a synaptic potential generated a spike potential of the 
neurone. Facilitation with successive orthodromic volleys was accounted for 
by summation of synaptic potentials. : 

_ 5. Two kinds of electrical ‘noise’ are described, one related apparently to 
ionic fluxes through the membrane, the other torandom synaptic bombardment. 

6. Direct inhibition of motoneurones was associated with a brief hyper- 
polarization (anelectrotonus) of the surface membrane, which has approxi- 
mately the time course of the inhibitory effect, and which provides a satis- 
factory explanation of all inhibitory phenomena. The Golgi-cell hypothesis of 
inhibition is thereby falsified, and it is argued that the only likely explanation 
postulates an inhibitory chemical transmitter. Excitatory synaptic action is 
also probably explicable by a specific chemical transmitter. 

7. There is a general discussion of the relationship of the experimental 
observations to the events in the surface membrane of the neurone and to the 
effects of excitatory and inhibitory transmitters thereon. 
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UTILIZATION OF OXYGEN BY THE COMPONENT 
_ LAYERS OF THE LIVING CORNEA 


By M. LANGHAM 
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The normal mammalian cornea, bathed posteriorly by the aqueous humour 
and anteriorly by tear fluid, is devoid of blood vessels except in a narrow zone 
at its periphery. The relative importance of the limbal circulation, the tear 
fluid and the aqueous humour in the supply of nutrients to the cornea and in 
particular its component layers, the epithelium, the stroma and the endo- 


- thelium, is not known. 


A view, still widely held, for the supply of non-gaseous metabolites was put forward by Leber 
(1903), who attributed the most important role to the capillaries at the limbus. Although not 
altogether convincing, evidence in support of this concept may be gathered from several sources. 
Leber (1908) confirmed the findings of Laquer (1872) and Gruber (1894), that particles of rust 
introduced into the cornea turned blue in sequence from the periphery to the centre when potas- 
sium ferrocyanide was injected into the circulation. Coccius (1852) showed that the cornea 
remained transparent if the aqueous humour was replaced by air, indicating that for non-gaseous 
metabolites this route is not essential, Giardini & Roberts (1950) found that tear fluid contained 
a very low concentration of glucose, which suggests the inadequacy of this route to supply glucose 
to the cornea. On the other hand, Gundersen (1939) showed that a cornea transplanted into the 
anterior chamber remained relatively transparent for about 6 months; it then became more 
opaque and globular in shape and remained so for a further fourteen months. Histological 
examination after this period revealed that the epithelium had entirely disappeared but that the 
stroma and endothelium had undergone no degeneration. He concluded that the stroma and 
endothelium can obtain all their nutrients via the aqueous humour. Thus, it appears that, although 
the concept is very probably true in regard to non-gaseous metabolites, the cornea can receive 
its nutritive needs via the aqueous humour, even in the absence of blood vessels at the limbus. 

The supply of oxygen to the cornea is more problematical. Many years ago, it had been shown 
by Gruber (1894) that the cornea remains transparent if a complete peritomy is made, Bullot 
(1904) showed that the cornea of an excised eye placed in a chamber of moist air will remain 
trans parent for 24 hr but, if the oxygen tension is decreased by replacing the air by hydrogen, the 
cornea rapidly becomes opaque. More recently, Gundersen (1939) confirmed the finding that 
com plete peritomy does not cause any disturbance in the cornea, and concluded on the basis of 
this and other experimental work that the epithelium relies on atmospheric oxygen and nutrients 
supplied by the tear fluids. Extensive studies on the uptake of oxygen in the excised cornea have 
revealed that the epithelium is responsible for over half the uptake of the whole cornea, a fact 
that has drawn recent workers to speculate on the possible direct utilization of atmospheric 
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In the present study an attempt has been made to assess the relative 
importance of the pathways by which oxygen reaches the cornea in the living 
animal, and in particular to ascertain whether the cornea does utilize atmo- 
spheric oxygen. The problem has been approached by a determination of the 
effect of oxygen on glycolysis in the component layers of the cornea. It is well 
known that the cornea depends for its needs of energy on the metabolism of 
carbohydrate and that in the excised cornea the rate of glycolysis is dependent 
on the availability of oxygen (Kohra, 1935; Fischer, 1940; deRoeth, 1951). 


METHODS 


Adult rabbits weighing between 1-6 and 2-5 kg were chosen for the experimental work; where 
required, pentobarbitone sodium solution was used for anaesthesia. 

Apparatus. In experiments with the living rabbit, the anaesthetized animal was placed in 
 @ transparent air-tight tank of Perspex, normal respiration being maintained by a tracheal tube 
connected to the outside atmosphere (see Fig. 1). Anaesthesia was prolonged by periodic injec- 
tions made intraperitoneally through polythene tubing passing into the tank from the exterior. 
A steady stream of nitrogen or oxygen was passed through the tank, the pressure in the tank 
being kept slightly above that of the atmosphere. 


Gas outlet 


* 


pressure N 
Pressure 


Fig. 1. Apparatus for the study of corneal respiration in the living rabbit. 


A standard Warburg apparatus was used to determine the oxygen uptake of the excised cornea. 

Analysis. Lactic acid was determined by the method of Barker & Summerson (1941). Tissue 
proteins were denatured in an 8% solution of trichloroacetic acid. For tissue analysis precautions 
were taken to minimize post-mortem glycolysis, all eye tissues and fluids being denatured within 
1 min of the initiation of excision from the unconscious animal. Blood samples were withdrawn, 
cooled immediately for a few seconds in an ether-carbon dioxide mixture, centrifuged for 2 min, 
at which time a sample of plasma was withdrawn and run directly into the solution of acid. 
Estimations, which included a standard made on the day of the experiment, were carried out 
immediately following completion of the experiment; this was found necessary owing to the 
instability of lactic acid in aqueous solution. 
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RESULTS 
Freshly excised adult rabbit corneae had an average weight of 0-0794 + 0-003 g 
(49 experiments). By two different procedures, the epithelium was found to 
comprise 9-6 + 0°5% (16) and 9-6 + 0-6 % (13) of this total weight; in the first, 
the whole cornea and the epithelium were weighed separately, and in the 
second the cornea was weighed before and after removal of the epithelium. 
It was not possible to weigh the endothelium owing to its very small mass, 
but an approximate value was deduced utilizing the optical device of Maurice 
& Giardini (1951) for the measurement of corneal thickness. By this technique 
the endothelium was found to represent approximately 1% by weight of the 
whole cornea, a value which agrees with histological data. By difference, the 
weight of the stroma would represent approximately 89-4% of the total 
weight. 

The water content of the cornea was 77-4 + 0-3% (8) and that, of the sclera 
bordering the corneal scleral junction 68-0+0-25% (8). For purposes of 
calculation, the water content of the aqueous humour was taken as 99% and 
that of the plasma as 93%. 


The effect of oxygen on the concentration of lactic acid in the living cornea 

Corneae removed from the left and right eyes contained equal quantities of 
lactic acid; the ratio of the concentration of lactic acid in the left to right 
corneae in a series of rabbits was 1-000+0-019 (8). In the recording of the 
following experimental results, a ratio greater than unity means a rise in the 
concentration of lactic acid in the experimental cornea above that in the 
control cornea. 

The denial of atmospheric oxygen to the cornea of one eye by the careful 
suturing together of the lids for an experimental period of 3-4 hr led to no 
significant change in the concentration of lactic acid in the cornea; closing the 
lids for a period of 24 hr, however, led to an increase in concentration of lactic 
acid in the cornea, a ratio of 1-142 +0-05 (6) being recorded. It is clear that 
closing of the eye, especially for a period of a few hours, does not markedly 
alter the metabolism of lactic acid in the cornea: either atmospheric oxygen 
is not directly used by the cornea or, if it is, then in the closed eye oxygen 
must diffuse from the vascular bed of the inside surface of the lid. 

To test these possibilities further, it was decided to investigate the influence 
of oxygen on the concentration of lactic acid in the cornea of the living animal, 
using the cornea with sutured lids as a control, an experimental period of 
3-4 hr being considered appropriate. By this means the contribution of the 
atmospheric environment and the vessels on the inner side of the lids to 
corneal respiration could be assessed; thus in an atmosphere of nitrogen both 
corneae would be denied atmospheric oxygen but the control eye, with its lids 
closed, would allow a diffusion of oxygen from the tarsal conjunctiva overlying 
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the corneal surface; in the presence of an atmosphere of increased oxygen 
tension the experimental cornea would have the advantage of a more readily 
available source of oxygen. | 

Animals were left in the experimental tank for a period of 3 to 34 hr. The 
lids of the control eyes were sutured together and sticking plaster used to 
ensure the lids were airtight. A speculum on the experimental eye kept the 
whole surface of the cornea exposed to the atmosphere. Replacement of the 
aqueous humour by either oxygen or nitrogen was performed via the sclera. 
With the eye fixed with forceps, a needle was pushed through the sclera about 
2 mm from the limbus of the cornea, aqueous humour withdrawn, and the 
gas introduced so as to bring the intraocular pressure back to normal. 


3 
J 


o o 


Lactic acid ratio (Expt./control) 


A B Cc D E F 
Fig. 2. Effect of oxygen on the concentration of lactic acid in the cornea. Column A represents 
the control series; B the rates obtained with one eye closed for 24 hr; C and D the results 
on increasing and decreasing the oxygen tension respectively; FZ and F similar to C and D, 
but in this case the aqueous humour has been replaced by oxygen and nitrogen respectively. 


The results from the first experiments with the tank are illustrated in Fig. 2. 
_ The concentration of lactic acid in the experimental cornea fell when the tank 
was filled with oxygen and rose when filled with nitrogen; respectively, ratios 
of 0-663 + 0-078 (5) and 1-330 + 0-078 (5) were recorded. The marked effect of 
changes in oxygen tension on the concentration of lactic acid in the cornea 
suggest the ability of the cornea to utilize oxygen diffusing in from the 
atmosphere. The observation that closure of the lids in an atmosphere of 
nitrogen prevents the marked rise in content of lactic acid may seem surprising, 
for both eyes have been denied atmospheric oxygen. It is suggested, however, 
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that the reason is due to diffusion of oxygen from the very vascular surface of 
the tarsal conjunctiva which comes into intimate contact with the cornea 
when the eyes are closed. This explanation would be in keeping with the 
initial observation that closure of one eye for 3 hr does not affect significantly 
the concentration of lactic acid in the cornea. In relation to the above 
observations, it is of interest to consider whether these results indicate a 
utilization of atmospheric oxygen in normal conditions. That this is so is 
suggested by a comparison of the experiments carried out in atmospheres of 
air and nitrogen; a marked rise in the concentration of lactic acid occurred 
only when oxygen was absent. 

In similar experiments in which the aqueous humour was replaced by oxygen 
or nitrogen, there resulted marked changes in the concentration of lactic acid 
in the cornea; ratios of 0-703 + 0-05 (8) and 1-26 + 0-05 (8) were recorded. The 
experimental technique differed slightly from that used in the previous 
experimental series in that both eyes were open and in contact with the normal 
atmosphere, the lids being kept retracted with speculae. To prevent drying of 
the cornea a drop of saline was periodically run on each cornea. The partial 
replacement of the aqueous humour by a bubble of gas might be considered 
to disturb the physiology of the cornea; however, no change in thickness or 
clarity of the cornea occurred during the experimental period. The finding 
that the concentration of lactic acid in the cornea dropped when the oxygen 
tension was raised on either side of the cornea is strongly suggestive that 
oxygen can diffuse across the layers of the cornea in both directions. Fischer 
(1930, 1940) claimed that the cornea showed a unidirectional permeability to 
oxygen from the atmosphere to the anterior chamber. Experimental data were 
given to show that oxygen flowed into the cornea from the atmosphere but 
no data were presented to support the absence of flow in the other direction; 
_ it is therefore difficult to account for the differences regarding this point. The 
increase in the concentration of lactic acid in the cornea due to the replacement 
of the aqueous humour by nitrogen is suggestive of a diffusion of oxygen from 
the aqueous humour into the cornea under normal conditions. It is possible, 
however, that part or all of this increase of lactic acid content might be due 
to an interference with a normal washing away of lactic acid from the cornea 
by the aqueous humour. | 


Effect of oxygen on the concentration of lactic acid in the epitheluum 
and the stroma 
Similar expeciaente on the effect of the change in composition of the 
_ external atmosphere were made, in which the effects on different parts of the 
cornea were determined. At the end of each experiment the epithelium was 
removed from both corneae and the lactic acid determined in it and in the 
remaining stroma plus endothelium. The concentration of lactic acid in the 
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stroma plus endothelium was found to drop in the presence of an increased 
_ oxygen tension and rose in a nitrogen atmosphere; ratios of 0-866 + 0-073 (6) 
and 1-10 +0-077 (4) respectively were recorded. 

The lactate concentration in the epithelium was found to be almost twice 
that in the stroma plus endothelium, whatever the nature of the external 
atmosphere to which the cornea was exposed. The experimental values for 
the ratio of concentrations in the two parts of the cornea in different conditions 
are: in oxygen 2°10 + 0-26 (5); in air 2-01 + 0-26 (7); in nitrogen 2-05 + 0-30 (5). 
These results would suggest that the concentration of lactic acid in the epi- 
thelium rises or falls with changes in concentration in the remainder of the 
cornea. 

It is apparent that a change in the oxygen tension of the atmosphere affects 
the concentration of lactic acid in both the epithelium and the stroma. From 
these results it may be deduced that, in the absence of atmospheric oxygen, 


the oxygen supplied to the cornea via the blood stream is insufficient to | 


maintain the metabolism in the cornea. Therefore, it is suggested that the 
route by which oxygen may be transferred directly to the cornea from the 
atmosphere is of importance to both its epithelial and stromal layers. 

It is clear from these results that lactic acid is produced in the stroma under 
both anaerobic and aerobic atmospheric conditions. Conclusions concerning 
the effect of oxygen on the formation of lactic acid in the epithelium are more 
difficult to make. It is seen that, even in the presence of a high oxygen tension 
in the atmosphere, the concentration of lactic acid in the epithelium greatly 
exceeds that found in the stroma; either aerobic glycolysis does occur in the 
epithelium, or a transfer of lactic acid from the stroma to the epithelium 
occurs under these conditions. 


The uptake of oxygen by the excised cornea 

It is well known that the excised cornea can utilize atmospheric oxygen 
but, since the findings concerning the part played by the component layers are 
contradictory, it was decided to reinvestigate this problem. deRoeth (1950), 
in experiments on the whole excised cornea, found that the oxygen uptake 
occurred at the same rate in the presence or absence of a suspending medium 
and was identical whether air or a 100% oxygen gas phase was used; the 
latter observation was also noted by Lee & Hart (1944) and Robbie, Leinfelder 
& Duane (1948), and it was therefore decided to use a similar technique to 
that described by deRoeth. 

A standard constant volume type of Warburg manometric apparatus was 
used. The centre well was filled with 0-2 ml of 20% (w/v) solution of potassium 
hydroxide and 0-5 ml of water was placed in the side arm to prevent dehydra- 
tion of tissue. No suspending medium was used. All determinations were 
carried out at 37-0° C using air as the gas phase. The values of Qo, recorded in 


2¢ 
q 
if 
a 
if 
% 
44 
le 


CORNEAL METABOLISM 4 67 


Table 1 have been based on the average value for the water content of the 
whole cornea. The epithelium and endothelium comprise 9-6 and 1-0% of the 
total wet weight respectively. 


Distribution of lactic acid in the living cornea and in the neighbouring tissues 


The concentration of lactic acid in the cornea was found to vary considerably 
from ra bbit to rabbit, but appeared to be unrelated to the weight of the cornea 
or the animal (see Table 2). Calculation from all data gave the concentration 
of lactic acid in the freshly excised cornea of the adult living rabbit as 
93:1 + 5-7 (49) mg/100 g wet tissue. The distribution of the acid in the cornea 


1, Oxygen uptake ofthe three main component layers of the excised cores 
of the rabbit 


Whole cornea 0-864+40-035 (27) 
Epithelium 6-25 +0-544 (6) 
Stroma 0-231 + 0-038 (6) 
Endothelium 5-7 (estimated) 


Qo, represents pl. O, absorbed/mg dry tissue /hr. 
TaBLE 2. Corneal lactic acid concentration compared with corneal and body weights | 


Body wt. range Average wt. Wet wt. of cornea §_ Conen. lactic acid in 
(kg) (kg) (mg) mg/100 g 
1-6 -1-89 1-74+0-039 (11) 73-9+4-0 (11) 95-94 6-9 (11) 
1:90-2:19 2-0 +0-042 (12) 76-4 +3-9 (12) 90-2+4-8 (12) 
2-20-2-49 2-37 + 0-065 (16) 87-8+3-3 (16) 90-3 +5-3 (16) 


Tastx 3, The relative concentration of lactic acid in the cornea and neighbouring tissue 
(corneal concentration is taken as unity) 


Ratio calc. from Ratio calc. from 
concen. per 100g H,O concen. per 100 g tissue 

Whole cornea 1-0 (10) 10 (10) 
Cornea: inner ring 1-0 (4) 1-0 (4) 
outerring 1-0 (4) 1-0 (4) 

Sclera 1-38 + 0-060 (10) 1-20 +0-045 (10) 
Aqueous humour 0-56 + 0-025 (10) 0-714+0-021 (10) 
Plasma 0-39+0-019 (10) 0-48 +0-023 (10) 


was revealed by further analysis; the endothelium, which comprises only 
approximately 1% of the total weight of the cornea, contains a concentration 
of between 14 and 2 times that found in the stroma, while the concentration 
of lactic acid in the epithelium is approximately twice that in the stroma plus 
endothelium, a ratio of 2-01+0-26 (7) being recorded. The absence of the 
endothelium would not affect this ratio significantly. Owing to its small mass, 
analysis of the endothelium presented difficulties, and consequently the 
concentration of lactic acid in the endothelium was determined by a grouping 
together of a number of corneae. It may be concluded that the concentration 
of lactic acid in the epithélium a ‘and endothelium is approximately twice that 
found in the stroma. __ 
With the exception of the tear fluids, the distribution of lactic acid in the 
cornea and neighbouring tissues is recorded in Table 3. Analyses of the cornea, 
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the scleral ring bordering the corneal scleral junction, the aqueous humour 
and the plasma were made on samples taken from the same rabbit. From 
* studies on the rate of accumulation of lactic acid in the excised eye (Langham, 
to be published), it has been possible to calculate an error of 1 to 2% on the 
values found for the cornea and sclera owing to the time (1 min) required to 
excise and weigh these tissues. The aqueous humour of the rabbit is almost 
- completely free of protein and for this reason and also the very short time 
taken to withdraw it from the eye and pipette it into the acid solution no 
error due to post-mortem effects would seem to be involved. In the case of the 


plasma no attempt has been made to assess the probable error in the estimation, 


but the results on both the aqueous humour and plasma are in agreement with 
the values reported by Kinsey (1950); the blood was withdrawn from the ear 
vein of the conscious rabbit immediately prior to its anaesthetization, cooled 
_ for a few seconds in an ether-solid carbon dioxide mixture, centrifuged for 
2 min and then a volume of plasma withdrawn and pipetted straight into the 
deproteinizing solution. Rabbits were rejected if not completely placid. The 
high concentrations of lactic acid found in the rabbit cornea, the ox cornea 
(Herrman & Hickman, 1948), the aqueous humour of the rabbit (Kinsey, 1950), 
the lens of the ox (Weekers, 1937), the lens of the rabbit (Langham, 1951) and 
the sclera are not altogether unexpected in view of their avascular nature. 


are such that this substance will tend to diffuse into the aqueous humour and 
the blood stream, while, on the other hand, there is a tendency for lactic acid 


rings of the cornea indicate, however, that this source contributes little to the 
concentration of lactic acid in the cornea, there being no significant difference 
in the concentration of lactic acid in the two regions. 

It is of interest that the concentration of lactic acid in the stroma is lower 
than in the endothelium, the epithelium and in the scleral tissue bordering the 
corneal scleral junction; any transfer of lactic acid from the stroma to the 
epithelial, endothelial or scleral regions must take place against a concentra- 
tion gradient, i.e. by a process of active transfer. _ 


DISCUSSION 

In the present investigations evidence is presented in support of the view that 
the metabolism of the cornea of the living rabbit is dependent on the utilization 
of oxygen diffusing into it from the atmosphere. The validity of this concept 
must stand or fall on the establishment of three facts, namely, that oxygen is 
utilized by the cornea, that oxygen from the atmosphere diffuses*into the 
cornea under normal conditions, and that, in the absence of atmospheric 
oxygen, changes occur in the metabolism of the cornea. 

There can be no doubt that the cornea does utilize oxygen. Although 


It will be noted from Table 3 that the concentration gradients of lactic acid 


to diffuse into the cornea from the scleral region; analysis of inner and outer 
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| permeability, that enough oxygen ‘would be obtained by the epithelium to 


tate of passage of oxygen from the atmosphere towards the aqueous humour. 
_ The technique used by Fischer is open to criticism for the pressure of the collar 


_ centration of lactic acid in the cornea is suggestive that the cornea is not 


_ will be aided by a diffusion from the atmosphere. 


of the low oxygen tension found in the aqueous humour (c. 46 mm Hg, 


~ Friedenwald & Pierce, 1937) and the long distance separating the limbal 


_ of atmospheric oxygen by the epithelial and possibly part of the stromal 
_ layers seems to be the obvious alternative. 
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avascular in nature, a great harvest of results has confirmed, without excep- 
tion, that the excised mammalian cornea respires (Duane, 1949). 

Evidence for the diffusion of oxygen across the anterior surface of the cornea 
may be gathered from several sources. Fischer (1930) showed that oxygen will 
pass into the cornea from the atmosphere. Gases of known composition were 
passed into a glass chamber which was fitted by means of an inflated rubber 
collar on the anterior half of a luxated eye. After various intervals of time, 
the gas was analysed and the changes in composition recorded. In agreement 
with Bullot (1904), he noted that removal of the epithelium led to an increased 


on a subluxated eye might well interfere with the normal circulation of the 
blood and aqueous humour; further, an area of conjunctiva about equal to 
that of the cornea is exposed to the gas; notwithstanding, it would seem 
established that a flow of oxygen into the cornea did take place under the 
conditions of this experiment. In the present studies it has been shown that an 
increased oxygen tension in the atmosphere leads to a drop in the concentra- 
tion of lactic acid in both the epithelial layers. This result must be considered 
as confirmation that oxygen can diffuse into the cornea from the atmosphere. 

In the living rabbit it has been shown that lack of atmospheric oxygen 
results in a rise in concentration of lactic acid in the whole cornea, the epithe- 
lium and the stroma. This finding indicates that the oxygen diffusing into the 
cornea from the blood stream and the aqueous humour is insufficient to main- 
tain unchanged the metabolism of the cornea. Further, the observation that 
an increase in the oxygen tension of the atmosphere leads to a drop in con- 


utilizing oxygen at a maximal rate under normal atmospheric conditions. 
In these circumstances it is clear that the utilization of oxygen by the cornea 


The importance of the atmosphere as a direct source of oxygen to the cornea 
is suggested in further observations. Studies on the excised cornea have shown 
that the stroma, consisting of approximately 90% by weight of the whole 
cornea, utilizes oxygen 30-35 times less rapidly than the epithelial and endo- 
thelial cell layers. Quantitatively, these values imply that the epithelium 
takes approximately half the oxygen required by the whole cornea. In view 


vessels and the central area of the cornea, it is unlikely, on considerations of 


maintain its active metabolism. In these circumstances the direct utilization 
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SUMMARY 

1. In the living rabbit, oxygen obtained directly from the atmosphere can 
be utilized by the cornea. With the lids closed, oxygen reaches the cornea from 
the blood vessels of the conjunctiva. Under normal conditions it is apparent 
that oxygen obtained directly from the atmosphere is utilized by the cornea. 

2. No evidence was found for a unidirectional flow of oxygen across the 
layers of the living cornea; thus oxygen passed freely across in both directions. 

3. The importance of atmospheric oxygen to the economy of the cornea is 
indicated by the fact that the oxygen supplied to the cornea via the blood- 
stream is insufficient to maintain the metabolism of the cornea. 

_ 4, The rate of utilization of oxygen by the whole excised cornea and its 
company layers has been determined. 

5. The distribution of lactic acid in the cornea and the anes tissues 
has been analysed. Results have led the writer to suggest a removal of lactic 
acid from the stroma of the cornea of the living rabbit by a process of active 
transfer. 


I wish to thank Sir Stewart Duke-Elder for interest and advice given during the course of this 
work, and the Medical Research Council for defraying the cost of this research. 
I am indebted to Miss E. Cock for her technical assistance. 
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The electrical activity of the central nervous system in intact animals is 
affected by changes in inorganic constituents of the blood or by application 
of inorganic salts in other ways (for a recent review see Heppenstall & Greville, 
1950). The electrical changes are, however, complex, and the chemical 
composition of the fluid environment of the brain in such experiments is also 
complex and usually undetermined. Studies do not appear to have been made 
in simple media, on the response to stimulation of preparations of mammalian 
brain which do not themselves show spontaneous activity. The experiments 
with the central nervous system which are closest to giving such data are those 
of Libet & Gerard (1939) in which complex, spontaneous or induced electrical 
activity of the olfactory bulb of the frog brain was found to be affected by 
inorganic constituents of fluids in which it had been soaked. The deficiency 
with respect to the mammalian central nervous system has not been made 
good by perfusion techniques, which at present still require media containing 
proteins and red blood cells (Tschirgi, Gerard, Jenerick, Boyarsky & Hearon, 
1949; Waelsch, 1951). 

A technique has, however, been developed in these laboratories by means of 
which electrical impulses can be applied to slices of cerebral tissue while these 
are respiring in oxygenated saline solutions containing glucose as the only 
added organic constituent. The application of the impulses produces an 
increase in the rate of respiration and glycolysis of the tissue, and a concurrent 
fall in its creatine phosphate with rise in inorganic phosphate (Mcllwain, 
1951a, 6; McIlwain, Anguiano & Cheshire, 1951; McIlwain & Gore, 1951). 
This same pattern of metabolic changes is induced in the brain by increased 
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activity in vivo. Its occurrence following electrical impulses im vitro may, 
therefore, reflect a state in the separated tissue which in some way corresponds 
to stimulation in vivo. The metabolic characteristics and the way they change 
under changed conditions are at present the only indications of this, but the 
correspondence here is considerable (McIlwain, 1951a, c, d). | 

This technique has now been applied to determine the effects of potassium, 
calcium, magnesium, ammonium, phosphate, sulphate, and chloride ions on 
the response to electrical impulses. In the absence of such impulses, certain of 
these salts affect respiration~glycolysis, or the phosphates of such tissue 
(McIlwain, 1952). Further such changes without, as well as with, electrical 
stimulation have also been observed during the present experiments. Except 
in perhaps one case, this did not prevent observation of the response to 
applied stimuli. 

METHODS 
Metabolic and chemical methods. Guinea-pig cerebral cortex slices were used in most experiments ; 


details of their preparation and of the apparatus for manometric measurement of respiration 


during electrical stimulation are given by McIlwain (1951a). Vessels of type A with tissue-holding 
electrodes, type D, were used. The tissue slices were trimmed to fit the holders and weighed 
100-130 mg. A+ the end of an experiment the slices were rapidly transferred to 1-5 ml. of 10% 
trichloroacetic acid by the procedure described by McIlwain & Gore (1951). Inorganic phosphate 
and creatine phosphate were estimated in the trichloroacetic acid extract after Ca-ethanol 
fractionation (McIlwain, Buchel & Cheshire, 1951). Glycolysis was followed by determination of 
lactic acid (Barker & Summerson, 1941) in the saline. The experiments recorded in the tables 
were usually one of the two or three which were performed in media of a given composition, and 
which gave similar results, Values are not, however, averaged as the experiments were often of 
different duration, or with stimulated and unstimulated periods differently arranged, or were with 
tissue from rats and not from guinea-pigs. 

Salines. The saline used in all control experiments contained 0-127 m-NaCl, 0-0051 m-KCIl, 
0-00273 m-CaCl,, 0-00134 m-KH,PO, and -MgSO,, 0-05 m-glycylglycine brought to pH 7-4 with 
0-05 m-NaOH and 0-013 m-glucose. This was the basic medium in which all tissue slices were cut 
and mounted in the tissue-holding electrodes. When the effects of the absence of any ion were 
being tested, the slices concerned were held in the deficient medium for 5 min before being 
transferred to the experimental vessels. Alterations were made separately in the concentrations 
of Na*, K*, NH,*, Mg**, Ca**, PO,- and SO,*- in the medium, and the exact concentrations used 
are given in the tables. In preparing a potassium-free medium, NaH,PO, was added to maintain 
the phosphate concentration at 0-0127 m. Additional potassium was added to the medium as KCI. 
In some of the experiments made in the absence of Ca**, sodium oxalate at 0-014 m was added. 


The highest concentration of Ca** which could be tested without causing precipitation of calcium — 


phosphate was 0-082 m. 

When the Na*-free solution was prepared, the correct osmotic pressure of the solution was 
maintained by increasing the glucose concentration to 0-25 m; the glycylglycine was brought to 
pH 7-4 with KOH and the corresponding amount of KCl omitted from the basic medium. In the 
Na*-low medium, part of the tonicity contributed by the NaCl was replaced by glucose, 0-1 m, 
and part by glycylglycine, 0-15 m, the pH of which had been adjusted as usual with NaOH. The 
Na* contributed to the medium by the glycylglycine gave a final concentration 0-015 m. Additional 
Mg** was added as MgCl, and ammonium ion as NH,Cl. Variations in the concentration of 
chloride ion in the medium during these changes were not compensated, for it was found (see 
below) that wide variations in [CI"] could be introduced without altering the response of the 
tissue. Considerable variation in total tonicity of the medium was also found permissible, and 
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thermodynamic activities were therefore not taken into consideration in changing the salt 
concentrations of the media, but all salts were assumed to be equally ionized. 

Impulses were alternating condenser pulses from the circuit described by McIlwain (1951a). 


Pulse frequency, 100/sec; time-constant, 0-5 msec; peak potential, 18 V, except when other values 
are quoted. 

Procedure. Weighed slices were mounted in electrodes in a series of (e.g. six) vessels attached to 
manometers. These included vessels with the basal medium and others with media of changed 
composition. The air in the vessels was replaced with oxygen and the vessels placed in a thermo- - 
stat at 37°; this point in the experiment was usually reached 25 min after death of the animal. 
Readings of oxygen pressure were taken each 5 min. About 30 min later (the exact time for indi- 
vidual experiments being given in the tables) impulses were applied to some of the vessels, again 
for 30 min periods during which 5 min readings were taken. Further periods with and without 
impulses followed in some cases. At the end of an experiment, tissue was first removed rapidly 
(McIlwain & Gore, 1951) from the vessels receiving impulses, and then from the others, for 
determination of the phosphates. Specimens (usually 0-5 ml.) of the fluid were then taken for 
determination of lactic acid. 


RESULTS 
__ Response in the basal medium. Impulses were applied to sections of cerebral 
cortex, while they were metabolizing in the basal medium, in each set of 
experiments. Results are not always included in the tables but are illustrated _ 
by Expt. 1, Table 1. Here, the rate of respiration is seen to increase by nearly 
100 % on stimulation. Glycolysis increased similarly. This can be concluded 
from the difference between lactic acid values in Expt. la and b, which resulted 
from the application of stimuli for less than half of the duration of the 
experiment. Creatine phosphate fell and inorganic phosphate rose. The type 
of impulse applied in obtaining this result has been chosen, as a result of 
previous studies, as the minimum necessary to produce maximal effect on 
respiration. (Voltage/response curves are recorded by Mcllwain (1951a) and 
Mcllwain, Ayres & Forda (1952). Effects of impulses of different voltage- 
time characteristics are reported by McIlwain (1951a, 6).) This. arrangement 
with respect to stimulation in the present experiments made it likely that 
only certain types of action would be detected as resulting fromm the changed 
conditions which were being examined. Depression of activity or sensitivity 
in the tissue would be seen, as would any circumstances acting synergically 
with the impulse. Increased sensitivity of the tissue to the impulse would not 
be seen. 
Varying tonicity of medium. The medium could be made considerably 
_ hypertonic without preventing response to electrical impulses. This has been 
examined in one instance by increasing the glycylglycine concentration from 
0-05 to 0-15 m; in another by increasing glucose from 0-015 to 0-1 m (Expt. 2); 
and in another, by increasing NaCl from 0-127 to 0-142 m as well as glycyl- 
glycine from 0-05 to 0-15 m (Expt. 3). The tissue from media high in glucose 
showed a somewhat lower level of creatine phosphate than normal, and its 
response to impulses was less than normal. In high concentrations of glycyl- 
glycine, however, the creatine phosphate was high and the response to impulses 
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was normal. Slightly hypotonic media also permitted the tissue to respond 
normally. Lowering NaCl from 0-127 to 0-1 m without other adjustment was 
associated with normal levels of respiration, glycolysis, and the phosphates 
in the presence and absence of impulses. 

Anions. It was convenient experimentally to be able to alter the concentra- 
tion of chloride ion together with alterations in other constituents, as CI” was 
the main anion of the medium. The effects of change in [CI ] itself were 


Tasiz 1. Metabolic response to stimulation and the effect of tonicity and of the anions of the 
medium, Guinea-pig cerebral cortex slices (100-130 mg) were used with 5 ml. of glycyl- 
gly.cine-glucose medium (see Methods) in each vessel. Concentrations are quoted only of 
the salts which were being altered in the particular experiments recorded. Experiments 
were timed from the moment when the vessels were placed in a thermostat at 37° 
i acid 
tion In ic Creatine pmole/g, 


Expt. Ion concn. Period Stimu- whole 
no. M min lation eig/hr pmole/g pmole/g expt. 
la No change 0-75 ~- 4 36 1:35 57 

b = No change 0-40 - 
2a Nat 0-127 0-60 56 4-35 1:34 57 
b Na*0-127+01 0-60 ~ 51 3-6 1-10 46 
0-80 56 
c a + 
38a. Na* 0-127 0-55 ~ 60 3-8 1-65 65 
25-55 + 112 
4a Na,SO, 0-124 0-90 58 3-6 1-25 78 
(no NaCl) 
b = Na, SO, 0-124 0-30 ~ 56 
(no NaCl) 30-60 + 120 3-9 0-72 124 
60-90 61 
5a 0-00134 0-60 64 35 1-50 41 
b 0-60 40 1-51 33 
c 0-30 
6a PO, 0-00134 0-70 62 3-3 1-55 43 
b 0-70 58 1-7 1-2 47 
c op. te 0-40 - 50 
40-70 + 78 10 


therefore examined. As indicated in the preceding paragraph, increase in 
[Cl] from 0-138 to 0-154 m, together with an equivalent increase in [Na*] 
brought about no change in the characteristics under examination. A large 
reduction in [CI ] also had little effect. This is shown in Expt. 4 when Na,SO, 
replaced NaCl, so that the [Cl] of the medium was lowered from 0-138 to 
0-011 m. 

Addition of Na,SO, in Expt. 4 involved a large increase in the SO,?- of 
the medium, from 0-00134 to 0-078 m. The complete replacement of SO0,2- « 
Cl’, leaving the medium free from added [SO,2-] was also examined. Expt. 5 
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shows that no significant change was induced in the characteristics measured, 
either in unstimulated or in stimulated tissue. 

The concentration of phosphate, the other anion of the medium, was also 
varied. Its absence from the medium led, as would be anticipated, to lower 
concentrations of both inorganic and of creatine phosphates in the slice 
(Expt. 6) and also to a lowered response to electrical impulses. In the 
phosphate- and in the sulphate-free media, chloride concentrations had been 
increased from 0-138 to 0-140 or 0-141 m; but as indicated above, much larger 
_ changes in chloride can be made without alterations in the characteristics 
measured. Increase in the phosphate of the medium also caused little change 
in the effects of the impulses. When sodium phosphate replaced glycylglycine 
as the main buffer, the impulses led to the usual increase in respiration and 
glycolysis (MclIlwain, 1951). These experiments involved increase in the 
phosphate from 0-00134 to 0-012 . 

Sodium salts. Deficiency in sodium salts had a major effect on the metabolic 
changes induced in the tissue by electrical impulses. Absence of sodium salts 
from the medium made the tissue unresponsive. Its rate of respiration 
changed little or fell with time whether or not impulses were applied. The 
concentration of inorganic phosphate was unusually high in both presence or 
absence of stimulation, and the unstimulated rates of respiration and glyco- 
lysis were low. In Expt. 7, replacement of Na* was by glycylglycine, and 
[Cl ] was also lowered. However, glycylglycine had been shown in experiments 
described to be non-toxic and it had also been shown that Cl could be 
replaced by SO,?— without preventing stimulation. Thus, the metabolic 
changes in Expt. 7 were likely to be specific to the change in [Na*]. This was 
confirmed by replacing NaCl by an equimolar solution of choline chloride, an 
expedient used by Hodgkin & Katz (1949). Here also lack of response to 
impulses was found. A respiratory rate of 59 wmole/g/hr instead of being 
doubled by impulses, fell, whether or not impulses were applied, to 
48 umole/g/hr. 

When [Na*] was lowered rather than absent, intermediate effects were 
found. This is illustrated by Expt. 8. Considering the values in absence of 
stimulation, reduction of [Na*] from 0-127 to 0-015 m is seen to have lowered 
the creatine phosphate of the tissue only a little. The rise in organic gh 
phate was also less than in the Na‘-free medium. Impulses with 0-015 m-Na* 
then had little effect on respiration, but increased glycolysis and partly 
depleted the creatine phosphate. 

The effect of impulses of varying intensity was examined in Na-deficient 
media, Fig. 1 compares the respiratory response so obtained with the 
response of tissues from the same animals examined at the same time in 
normal media. The deficient medium contained Na* at 0-015 m, for under 
these conditions the unstimulated tissue was more normal in respect to its 
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TasLE 2. Effects of sodium and potassium salts, Details as in Table 1. Expt. 1 of 
this table is the same as that of Table 1 
Creatine mole/g, 
Expt. Ionconcn, Period  Stimula- P whole 
no. M min tion ‘at umole/g pmole/g expt. | 
o Na - 
: 30-60 32 
c NoNa 0-30 - 50 : 
30-60 + gs} 2 0-65 39 
8a 0-127 0-70 53 41 1-74 46 
b 0-015 4-5 1-42 37 
0-75 - 2:9 0-85 53 
0-40 
40-75 + 98 3-6 0-71 78 
9a Kt 0-0067 0-70 ~ 54 4-0 1-74 49 
b 0-0267 0-70 - 4-05 1-29 65 
0-0267 
35-70 + 93 $0 1-20 
10a K* 0-0067 0-120 ~ 60 3-5 1-18 54 
K*0-1067 0-120 96-60 4-5 0-39 164 
c K*0-1067 0-30 ~ 93 
30-60 + 90 
60-90 86/ 4-9 0-42 173 
90-120 + 76 | 
140 
130 
120 
110+ § 
80 
2 60% 
: 
50 
40 
30 j j 
0 5 10 . 15 20 25 
Applied potential (V) 
Fig. 1. Effect of the voltage of applied impulses on the respiration of cerebral cortex in a’normal 
medium (0-127 m-Na*), and in one with 0-015 m-Na*. Potentials were applied as condenser 
pulses of time-constant 0-4 msec, 100/sec. 
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content of phosphates than when Na* was altogether omitted. Nevertheless, 
a great difference was seen in respiratory response at all voltages examined. 
- Moderate increase in the [Na*] normal to the medium had little effect. 
It was noted previously that change in NaCl from 0-127 to 0-142 m did not 
alter the characteristics studied. Also, replacement of chlorides by Na,SO, at. 
0-124 m yielded a medium high in [Na*] in which the respiratory rate could 
however be doubled by impulses (Expt. 4). : 

Potassium salts, Absence of potassium salts from the medium had no 
marked effect on the rate of respiration or glycolysis of the tissue, but its 
levels of inorganic phosphate and of creatine phosphate were lower than in 
tissue in normal media. Electrical impulses in the absence of added Kt 
(Expt. 1d, Table 2) induced the normal rise in respiration and glycolysis. 

Increased [K*] is one of the circumstances noted above to alter the meta- 
bolic activities of the tissue, in the absence of any electrical impulses. Expts.9 — 
and 10 show this. Increase of [K*] from 0-0067 to 0-0267 m nearly doubled 
respiration and glycolysis, and led to fall in creatine phosphate. Electrical 
impulses then produced no further significant change. Respiration and 
glycolysis in absence of the impulses had already increased to rates as high 
as those normally induced by electrical stimulation. At 0-1067 m, K* induced 
rates of respiration which were as high as, but less stable than, those induced 
by 00267 m-K*. Glycolysis was still higher and creatine phosphate lower, but 
again none of these was affected by the electrical impulses. 

Calcium salts. The effect of absence of Ca®* on the levels of energy-rich and 
inorganic phosphates in cerebral cortex slices has previously been investigated 
(McIlwain, 1952). In the present experiments, omitting Ca** from the medium 
(Expt. 11, Table 3) increased respiration and glycolysis and decreased creatine 

_ phosphate. Electrical stimulation caused a further rise in respiration with no 
change in creatine phosphate level. In Expt. 12, sodium oxalate was added 
to the calcium-free medium with the intention of making the absence of 
calcium ions from the tissue more complete. This caused, without impulses, 
a greater increase in respiration and glycolysis than was caused by simply 
omitting Ca**, Creatine phosphate level was reduced to one-third of that in 
the control slice. Inorganic phosphate level was also unusually low. Electrical 
impulses produced no further response. 

Addition of calcium salts to three times their concentration in the control 
medium caused no change in the unstimulated respiration or glycolysis and 
the response to electrical stimulation was normal (Expt. 13). 

Magnesium salts. Absence of Mg**t from the medium caused a rise in 
respiration but not.in glycolysis (Expt. 14), and decreased the creatine 
phosphate of the tissue. Impulses in absence of Mg** then produced a 
marked increase in respiration and glycolysis and a further loss in creatine 
phosphate. 
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An eightfold increase in the Mg** of the medium produced a slight fall in 
respiration and a marked drop in the inorganic phosphate of the slices. 
Electrical impulses then produced the normal rise in respiration and some fall 
in creatine phosphate, but no increase in lactic acid. 


Tas.eE 3. Effects of calcium, magnesium and ammonium salts. Experimental 


conditions as in Table 1 
Lactic 
Respira- acid 
tion Creatine mole/g, 
Expt Ion concn. Period Stimula- ole P whole 
no. M min tion pmole/g pmole/g expt. 
lla  Ca** 0-00274 0-60 - 58 3-6 1-90 40 
No Car 0-60 - 19 52 
0-30 - 8 
12a Ca**: 0-00274 0-63 72 3-4 1-68 41 
No Ca?*; 0-63 ~ 110 18 0-55 64 
+0-0141 
oxalate 
o Catt; 0-35 
sodium oxalate 
13a Ca** 0-00274 0-80 - 72 3-2 1-84 42 
c - 72 
14a Mg** 0-00134 0-120 63 3-1 1-55 39 
b No 0-120 ~ 78 3-3 1-0 37 
c No Mg** 0-30 78 
30-60 + 145 
60-00 a 4-35 0-8 96 
90-120 + 118 
15a Mg** 0-00134 0-60 ~ 68 4-2 1-72 20 
Mg** 0-01134 0-60 . 50 2:5 1-66 22 
16a NoNH,* 0-60 . 66 3-5 1-56 45 
b 0-60 80 3°5 1-58 102 
17a NoNH,* 0-60 68 38 1-65 49 
NH, 0-60 88 4-0 1-0 120 
18a NoNH,* 0-85 56 33 1-97 72 
b 0-03 - 56-33 48 0-19 128 
Cc 
35-85 + 48 


Ammonium salts. These are not normally added to the medium, but Weil- 
Malherbe (1938) found 0-001 m-NH,Cl to increase respiration of cerebral cortex 
slices to a small extent and their aerobic glycolysis very markedly. This was 
found to be the case in the present experiments (Table 3); the phosphates 
were unchanged and the tissue was still able to respond to electrical stimula- 
tion by a further increase in respiration, and by a fall in creatine phosphate. 
Results with 0-01 m-NH,Cl were very similar (Expt. 17). At 0-03 m, however, 
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the tissue became unresponsive to the impulses. This medium itself induced 
a very high rate of aerobic glycolysis, but respiration was not increased and 
fell gradually during the experiment. Creatine phosphate of slices in the 
presence or absence of impulses was very low and their inorganic phosphate 


high. 


DISCUSSION 
Changes observed Serius these experiments are summarized in Table 4. This 
does not describe many of the smaller differences noted in the preceding tables. 
It emphasizes, however, the following findings. (1) Of the metabolic charac- 
teristics measured respiration, glycolysis and inorganic phosphate have been 
observed both to increase and to decrease as a result of varying salt concentra- 


Taste 4. Summary of changes with changed media and electrical impulses. (N, normal; O, no 
change; I, moderate increase; II, large increase; D, moderate decrease; DD, large decrease) 


Lactic acid Inorganic Creatine 
Respiration formation phosphate phosphate 
© with with with 
Medium pulses impulses impulses N_ impulses 
N; low K*; high Ca**; | | 
N, highorlowCl or WN II N II N I N DD 
8 
Nat N I N N D 
No D O D O I DD 
igh K* II O II O I O DD O 
NoCa*r I I I O N I D O 
No I II N II N I D D 
High D II N. O D 0 N D 
10-*m-NH,* I II II O N O N D 
3 x 10-*m- II I I DD 


tions and the application of impulses. Creatine phosphate either remained 
unchanged or decreased. The pattern of changes induced by electrical 
stimulation is thus, even on this qualitative basis, one of fifty-four different 
possibilities; that is, it represents a well-defined group of changes. (2) The 
changes in individual metabolic characteristics which were induced by 
electrical impulses in normal media, in several cases did not appear in the 
different salt mixtures. However, in none of these was the effect of the 
impulses reversed; it. either took its normal direction or did not occur. The 
group of changes associated with the impulses is thus a persistent one. 
(3) Media lacking or low in sodium salts were unique among the circumstances 
examined in giving normal or low metabolic rates in which very little or no 
increase was observed on applying electrical impulses. Media high in Mg?* 
approached this in some of the characteristics measured. (4) The other 
circumstances in which electrical impulses were relatively ineffective were 
ones in which the metabolic changes which the impulses normally elicited 
had already largely taken place. This was the case with high [K*] or low 
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[Ca?+], especially in the presence of oxalate; or, with some of the characteristics 
measured, in the presence of ammonium salts. 

Effects of the individual salts may now be considered. 

Sodium salts. Lack of sodium salts renders other excitable tissues un- 
responsive to impulses which otherwise stimulate. This effect was reported in 
muscle by Overton (1902), and in the squid axon by Hodgkin & Katz (1949). 
There is immediate analogy between these findings and our own. Comparison 
here and elsewhere must, however, be made with care because the data 
available in the different experiments is different in kind. In the present 
experiments response to impulses is judged by metabolic effect and the salts 
themselves produce some metabolic effects. Hodgkin & Katz observed 
lowered action potential in the axon with lowered [Na*] and did not measure 
metabolic characteristics. It would be consistent with other data to suppose 
the lowered action potential to involve less expenditure of energy and thus less 
utilization of labile phosphates and a lower rate of respiration than normally 
follows stimulation. The lesser respiration and lesser fall in creatine phosphate 
were found in our experiments with cerebral cortex in media low in sodium 
salts, but no means was available for making a measurement corresponding 
to action potential (McIlwain & Ochs, unpublished). 

Cerebral cortex in the media without sodium salts was even less responsive 
to impulses. Here, creatine phosphate was already low, a circumstance 
associated in several instances with lack of response to stimuli. It is also 
associated in many other circumstances with increased glycolysis, and an 
increase in glycolysis with lowering of [Na*] can be reproduced in ‘extracts 
of brain (Racker & Krimsky, 1945; Utter, 1950). Glycolysis of the slices in 
media without sodium salts was however low, and remained so on applying 
impulses. 

The creatine phosphate content of peripheral nerve in sodium-free media 
does not appear to have been studied, but correlations have been reported 
between a component of the action potential of frog muscle, and its content 
of creatine phosphate (Ling & Gerard, 1949; Ling, 1950). This finding makes 
the analogy between our observations and those of Overton (1902) more 
complete. The excellent quantitative connexion between [Na*] and action 
potential in Hodgkin & Katz’s (1949) experiments makes it unlikely that 
creatine phosphate should be a limiting factor in that case. Neither is it 
a limiting factor in our experiments with 0-015 m-NaCl. 

These further considerations thus tend to support rather than to minimize 
the immediate analogy between effects of sodium-lack in the present pre- 
parations of cerebral cortex, and those previously reported in muscle and 
peripheral nerve. 

Potassium and calcium salts. Increased [K*] has previously been observed 
to increase respiration and glycolysis in preparations of cerebral cortex 
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(Ashford & Dixon, 1935; Dickens & Greville, 1935). The present findings, 
including the changes in phosphate and the effects of the impulses, are closely 
analogous to previous findings with muscle. Hegnauer, Fenn & Cobb (1934) 
observed a range of concentrations of potassium chloride slightly higher than 
our own, to reduce both the excitability and the phosphocreatine of the 
muscle while its respiration rose. Lowered creatine phosphate is a factor 
common to many situations in which response of excitable tissues is depressed ; 
suggestions have been made (MclIlwain, 1952) as to how the lowering of 
creatine phosphate with high potassium and low calcium might be mediated. 
The changes in absence of added calcium were observed in the present 
experiments also. These therefore constitute a further situation in which 
lowered [Ca**] has effects similar to increased [K*]. 

Magnesium salts. Administration of magnesium salts to yield serum levels 
of 4x 10-* to 10-* m produced anaesthesia and depressed body temperature 
in rabbits and dogs (Taylor & Winter, 1929; Heagy & Burton, 1948). In 
— investigating a possible basis for these effects, Peiss, Hall & Field (1949) found 
[Mg?*] at 10-2 m and higher to depress respiration of rat cerebral cortex slices. 
Anaerobic glycolysis, however, was greatly increased by magnesium salts 
between 10-* and 15x 10-*m. Results of the present study reproduce the 
depression of respiration and show also that aerobic glycolysis, more relevant 
to conditions in vivo than the anaerobic reaction, is not at all increased by 
high magnesium. Moreover, with high magnesium, electrical impulses are 
only partly effective in bringing about the metabolic changes associated with 
stimulation im vivo. Respiration increased but aerobic glycolysis did not, and 
- the changes in inorganic phosphate and in phosphocreatine were also less 
than normal. A much fuller picture of the metabolic depression by high 
[Mg**] is thus given by the present results than was previously available. 

Ammonium salts. The increases in respiration and glycolysis brought about 
by ammonium salts in the present experiments were similar to those reported 
by Weil-Malherbe (1938). In comparison with other circumstances in which 
glycolysis is increased, the increase with 10-* m-NH,Cl was associated with 
an unusually small change in phosphocreatine and in respiration. At 
10-? m-NH,Cl, however, the more usual fall in phosphocreatine took place. 
When these changes had occurred, electrical impulses still had their normal 
effect of further decreasing phosphocreatine and increasing respiration. 

Richter & Dawson (1948, 1949) have given evidence suggesting that epi- 
leptic and electrically induced convulsions might be mediated by liberation 
of ammonia in the brain. The concentration of ammonia in the blood and in 
the brain which was found to be associated with the beginning of convulsions 
caused by intraperitoneally administered ammonium chloride, was about 
9mg % or 5x 10-m. At this concentration, therefore, we find most of the 
changes associated with electrically induced convulsions to have commenced, 

PH, OXVII. 31 


>. 
id 


482 MARION B. R. GORE AND H. McILWAIN 


but to be lesser in degree than could be induced electrically. A higher con- 
centration of ammonium salts (3 x 10-* m) in our experiments accentuated the 
changes brought about by the lower concentration, except with respect to 
respiration; but it made the tissue inexcitable. This concentration is above 
that which is toxic in vivo. 


The present experiments as a whole therefore give further indications that 
the condition induced in separated tissues of the central nervous system by 
electrical impulses in vitro, is related to the conditions of increased activity 


which can be induced in the central nervous system im vivo and in muscle | 


and peripheral nerve 7 vitro. 


SUMMARY 

1. Slices of guinea-pig cerebral cortex were examined in a medium con- 
taining 0-127 m-NaCl; 0-0051 m-KCl; 0-00273 m-CaCl,; 0-00134 m-KH,PO, 
and -MgSO,; 0-05 m-glycylglycine and 0-013 m-glucose. Suitable electrical 
impulses increased their rates of respiration and glycolysis, and their content 
of inorganic phosphate while decreasing their content of creatine phosphate. 

2. Considerable changes in tonicity of the medium and its content of 
sulphate and chloride ions did not change the normal metabolic characteristics 
listed above, nor the manner in which they changed with applied impulses. 

3. Lowered concentrations of sodium ions had little effect on these 
characteristics in absence of impulses, but prevented most of the changes 
which normally followed the impulses. 

4. Lowered concentrations of calcium salts or increased concentrations of 
potassium salts partly or wholly brought about the changes which could be 
induced by electrical impulses. The impulses then completed the changes which 
they normally induced. 

5. Increased concentrations of magnesium salts lowered the respiration and 
inorganic phosphate of the tissue, and decreased the changes which were 
normally caused by electrical impulses in glycolysis, inorganic phosphate and 
creatine phosphate. 

6. Added ammonium salts partly induced the changes normally brought 
about by impulses, and partly prevented the impulses from having their 
normal effects. 

7. No circumstances examined caused the impulses to reverse their usual 
action; this either took its normal course, or did not occur. 
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ELECTROMYOGRAPHY OF MUSCLES OF POSTURE: 
LEG MUSCLES IN MALES 
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This investigation was begun in the first place in order to obtain information 
about the muscles which maintain the upright position in man, using standard 
postures, standard positions for the electrodes and larger numbers of subjects 
than had been studied by previous workers. Since Hellebrandt & Braun 
(1939) have pointed out that there are some differences in the erect posture 
due to age and sex (children tending to be restless, adults to be stiff and girls 
to be steadier than boys) it seemed advisable to investigate subjects in 
different groups, and this paper deals with a first group of subjects. 
Furthermore, it has recently been suggested that the muscles which main- 


tain the upright posture in man show minimal or no electrical activity while 


performing this function. Floyd & Silver (1951) have demonstrated this in 
case of the sacrospinalis (erectores spinae) and Weddell, Feinstein & Pattle 
(1944) in the thigh and calf muscles, while Seyffarth (1942) claimed that 
‘action potentials cannot, in general, be recorded from tibialis anterior, 
gastrocnemius and soleus’. Hoeffer (1941) obtained different results in men 
and women when he investigated the action of the calf muscles in standing at 
ease. He found that in three women there was no activity in the gastrocnemius 
but the tibialis anterior showed potentials, while in four men the calf muscles 
were active and the tibialis anterior was not. All these authors suggest that 
the upright posture is largely maintained not by active contraction of the 
muscles involved but by their ‘inherent elasticity’. However, Hellebrandt, 
Tepper, Braun & Elliott (1938) have shown that the line of gravity in the 
“normal upright position’ passes about 5 cm in front of the lateral malleolus 
of the ankle joint both in males and females, i.e. it usually bisects the antero- 
posterior line of the base on which we stand, namely the line joining the heel 
and the heads of the metatarsals. Hellebrandt (1938) has also shown that 


although there is a body sway from side to side and backwards and forwards 


the line of gravity does not shift to any appreciable extent away from its 
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relation to the base on which we stand. Thus one can calculate the approximate 
force exerted on the tendo calcaneum (Achillis) in the ‘standing at ease’ 
position in a subject weighing 64 kg and 178 cm in height. The base on which 
he stands is approximately 24 cm from the heel to the ball of the foot, the 
ankle joint 6cm above the base and 8 cm in front of the heel, the centre 
of gravity 55% of his height above the ground (Hellebrandt e al. 1938), 
i.e. 98 cm, the line of weight bisects the base, and the length of the calf muscles 
is 50 cm (see Fig. 1). The force which the calf muscles ZW have to exert to 


Centre of gravity 
Line of weight 
ZB=BX 
XZ=24 cm 
Ww YA=6 cm 
WZ=50 cm 
BC=98cm 
ZA=8 cm 
Calf muscles —— — : 
Ankle joint —— : 
z x 


A 8B 
Fig. 1. Dingram to illustrate the basis for calolating the foro exertod by the calf muscles 
in the standing at ease position. Height of subject, 178 cm; weight, 64 kg. 


maintain the upright position is obtained by finding the ratio between the 


_ perpendicular from Y to the line of weight BC and the perpendicular from 


Y to the calf muscles ZW. This is approximately 1:2. Since the weight is 
assumed to be equally distributed down both limbs, the force required is 
approximately one-quarter of the body weight, i.e. 16kg. It therefore seemed 
unlikely that the muscles of the calf could maintain the upright position 
without some active contraction. 


MATERIAL AND METHOD 
In this preliminary investigation twelve males aged 18-28 years acted as subjects. It is important 
to define as exactly as possible the postures used in this type of problem. Most people neither 
stand still nor fail to avail themselves of every opportunity to lean or partially sit on whatever 
presents itself. If, however, they do stand still and have no opportunity to lean or sit on 
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something, they will usually stand so that the weight is mainly borne alternately on one or other 
limb. Sometimes they stand with their weight distributed equally through both limbs, but that 
is unusual. In this experiment three standard postures were used: 

(1) Standing at ease. The subject stands with his feet about 18-24 in. apart and turned out 
about 30-45°, weight is distributed equally through both lower limbs, the body as a whole is 
held comfortably erect, the eyes look forward and the upper limbs are held so that one hand 
lightly clasps the other wrist behind the back. 

(2) Standing with weight mainly on left lower limb. 

(3) Standing with weight mainly on right lower limb. 

In (2) and (3) the subject was often given a paper to read in order to persuade him to stand 
‘naturally’. Usually it was fairly easy to obtain postures in which the subject paid little or no 
attention to what was going on. 

The subject’s age, occupation (past and present), height, weight, size of shoe and any relevant 
history (e.g. history of injury to lower limbs, difficulty with shoes, family history of lower limb 
abnormalities, particularly of the feet) were noted. The length of the leg between the proximal 
end of the tibial tuberosity and distal end of the lateral malleolus was measured and noted. 
Paired electrodes were used. One pair was attached to the right leg one-third of the distance 
down from the tibial tuberosity 2 cm lateral to the anterior border of the tibia and another pair 
1 cm behind its posteromedial border. The electrodes were moved about slightly to obtain a better 
recording if necessary. In these positions the muscles lying immediately deep to the electrodes 
are respectively tibialis anterior in front and soleus posteromedially. Recordings were also made 
with a pair of electrodes over the lateral belly of the gastrocnemius at the same level as for 
the other two muscles. For comparison, recordings of active contractions of the soleus and 
gastrocnemius were taken. ; 

The electrodes were smeared with Cambridge Jelly, and placed on the skin which had been 
rubbed with the jelly until a slight erythema was produced. They were held in place by elastic 
bands. The electrodes used were silvered brass disks covered with gauze moistened with saline. 
They were 1 cm in diameter and were fixed in Perspex holders so that the distance between the 
centres of the two disks was 2 cm. 

The amplifier input circuit employed a screened switch which enabled the operator to connect 
the amplifier to either of the two pairs of electrodes placed as described above over the front 
and back muscles of the leg of the right lower limb. An additional single electrode was strapped 
to the right wrist of the subject and earthed. The leads from the two electrodes were taken to 
the grids of a balanced pair of valves which constituted the first stage of a battery-operated 
amplifier. The second stage was a ‘compressor’ stage converting the originally balanced signal 
into an unbalanced one. When the ‘ balance’ control of the first two stages was correctly adjusted, 
a rejection ratio of 3000 : 1 was achieved against interfering potentials picked up from the mains 
at the input of the amplifier. Two further stages of amplification followed. The amplifier was 
capacity-coupled and had constant gain between 30 and 400 c/s, the gain being reduced to one- 
half at 10 c/s and 1200 c/s. Outputs were taken to two cathode-ray oscilloscopes and a loud 
speaker. One single-beam oscilloscope was used for observation with its time base running. The 
second, a double-beam tube, was used without a time base for photographic recording in con- 
junction with a continuous recording camera, the signal being taken to one beam and a time 
marker to the other. A calibration signal of 700 ».V peak to peak at 300 c/s could be switched 
to the input of the amplifier when required. | 

The following observations and recordings were made: 

(1) 700 pV peak to peak, 300 c/s. 

(2) Noise level of amplifier with input grids earthed. 

(3) Noise level recording from relaxed right soleus (i.e. the subject was sitting comfortably 
with the knees bent to a right angle and the feet and legs supported). 

(4) Standing at ease, recording from right tibialis anterior. 

(5) Standing at ease, recording from right soleus. 

(6) Weight on left limb, recording from right tibialis anterior. 
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(7) Weight on left limb, recording from right soleus. 
(8) Weight on right limb, recording from right tibialis anterior. 
(9) Weight on right limb, recording from right soleus. 
(10) Recording of active contraction of right soleus. 
(11) Standing at ease, recording from right gastrocnemius. 
(12) .Weight on left limb, recording from right gastrocnemius. 
(13) Weight on right limb, recording from right gastrocnemius. 
(14) Recording of active contraction of right gastrocnemius. 


RESULTS 


When standing at ease, potentials were recorded from the right soleus 
electrodes in all twelve subjects. In this position none showed potentials 
from the right tibialis anterior and seven showed them from the right 
gastrocnemius. Of these seven, two showed much less activity in the gastro- 
cnemius than in the soleus. When weight was borne mainly on the right limb, 
all twelve subjects recorded potentials from the soleus, six from the gastro- 
cnemius and none from the tibialis anterior of the weight-bearing limb. When 


1 | 2 


Fig. 2. A is the base-line obtained by recording from the right soleus with the muscle relaxed; 
B1, right tibialis anterior, standing at ease; B2, right soleus, standing at ease; C1, right 
tibialis anterior, weight on right limb; (2, right soleus, weight on right limb; D1, right 
tibialis anterior, weight on left limb; D2, right soleus, weight on left limb. 
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weight was transferred to the left limb, in one subject potentials were recorded 
from the tibialis anterior in another from the soleus of the non-weight- 
bearing limb. No subject g tbeky potentials from the gastrocnemius of the 
non-weight-bearing limb. These results are summarized in Table 1 and 
representative records are shown in Figs. 2 and 3. 


TasiE 1. Number of subjects (out of twelve) showing potentials in right tibialis anterior (RTA), 
right soleus (RS) and right gastrocnemius (RG) in three standard postures (see text) 
: | Standing Weight on § Weight on 


Muscle at ease right limb left limb 
RTA 0 0 1 
RS 12 12 1 
RG 7 0 
0 100 
A 


1 
Fig. 3. A is the base-line obtained by recording from the right soleus with the muscle relaxed; 
Bl, right soleus, standing at ease; B2, right gastrocnemius, standing at ease; Cl, right 
soleus, weight on right limb; C2, right gastrocnemius, weight on right limb; D1, right 


soleus, standing on toes, i.e. actively contracted; D2, right gastrocnemius, standing on toes, 


i.e. actively contracted. 
DISCUSSION 
It can be seen from the results that when a limb is bearing weight, whether 
in a position of standing at ease or so that the weight is mainly on one limb, 
the anterior muscles of the leg do not produce any detectable potentials, and 
the soleus invariably and sometimes the gastrocnemius are apparently active. 
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The suggestion that the upright posture is maintained by ‘minimal activity’ 
or only by the ‘elastic properties’ of the muscles should be rejected in the case 
" of the calf muscles. The activity of muscles in the upright position depends on 
the way in which the weight is distributed in relation to a particular joint. If 
gravity produces further movement, i.e. gravity is acting as the prime mover, 
then those muscles which are normally the prime movers of the joint relax 
so that potentials cannot be recorded from them. On the other hand, when 
the muscles of a joint become the antagonists against gravity they always 
show activity. This has been demonstrated by Allen (1948) and by Floyd & 
Silver (1950). In the present investigation it was found in several subjects 
that if electrodes were attached to the front and back muscles of the leg 
simultaneously, every position produced by swaying backwards and forwards 
resulted in potentials from the front or back muscles. This experiment is being 
followed up in other subjects, especially with regard to the thigh muscles. It 
appears that one of the reasons for the variable results obtained in similar 
experiments is that other workers have always placed the electrodes either in 
or on the back of the calf. Since apparently soleus is the muscle which is 
constantly active the electrodes must be placed on that muscle where it is 
superficial, 1 cm behind the posteromedial border of the tibia. 

It is possible that the potentials recorded are due not to the activity of the 
soleus and gastrocnemius but of other muscles. It is claimed, however, that 
soleus and gastrocnemius are the active muscles, because in this type of 
investigation muscles are contracted to only a limited extent and it is possible 
to pick up their potentials only if the electrodes are directly over the muscles. 
If other muscles were active and soleus and gastrocnemius were not, surface 
electrodes in the positions described would not record any potentials. — 

Another problem is whether it is correct to assume that in some subjects 
soleus is the only muscle which is active and in others both soleus and 
gastrocnemius are active. It must be admitted that the failure of the gastro- 
cnemius electrodes to record potentials may be due not to absence of activity 
in that muscle but to the arrangements of its fibres or a layer of fat between 
the muscle and the electrodes or to the inadequate sensitivity of the recording 
apparatus. There is no apparent reason, however, why the first two of these 
factors should operate in only five of the twelve subjects. | 

With regard to the sensitivity of the apparatus, it is necessary to estimate 
the minimum amplitude detectable above the noise and interference. The 
noise level of the amplifier as used in the observations on the twelve subjects 
reported here was equivalent to an input signal of about 35 .V peak to peak, 
with the input grids earthed. In addition, the records were made in an 
unscreened laboratory in the vicinity of other electrical apparatus, and it was 
usually impossible to avoid pick-up of a noisy character as well as mains 
interference. Thorough preparation of the skin and adjustment of the leads 
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and balance control usually eliminated the mains interference. It is obvious, 
however, that the peak to peak amplitude of the action potential must be 
greater than that of the noise before it can be definitely distinguished, and 
this depended on the interference conditions at the time of the experiment. 
The record taken in each case, of noise and interference background with the 
subject seated and the muscle relaxed, was therefore set side by side with 
the record under consideration. In most cases action potentials of 70 u.V peak 
to peak were considered to be just detectable. It must therefore be stressed 
that the failure to detect activity did not prove that none was present. 
However, the most significant result in this experiment has been the presence 
of activity at least in soleus, rather than its absence in gastrocnemius. 

It may be argued that in five subjects the soleus electrodes were actually 
recording potentials from the gastrocnemius. This is tantamount to saying 
that electrodes not over a muscle can pick up its potentials more readily than 
ones directly over the muscle, and this is considered to be very unlikely. 

That only some of the subjects show activity in gastrocnemius may be due 
to the way in which they hold their knees in standing. By bending the knees 
and hips it is possible to bring the line of weight backwards towards the centre 
of the ankle joint. Even with the knees straight the extent to which the leg 
and rest of the body is bent forwards at the ankle is variable. The greater the 
anterior angle between the leg and the foot the nearer is the line of weight to 
_ the ankle joint. Consequently, less activity is required in the calf muscles 
and apparently the gastrocnemius becomes less active or even inactive. 
Soleus then becomes the muscle preventing falling forwards at the ankle. 
There is some indication from a close study of the recordings that the activity 
of the soleus is well marked in all subjects, but that there is a considerable 
variation in the extent to which the gastrocnemius is used in those who 
apparently require this muscle. It has already been noted that the gastro- 
cnemius in two cases is apparently used much less than the soleus, where both 
muscles were apparently active. 


SUMMARY 


1. It has been suggested by previous workers that in certain postures 
(e.g. ‘standing at ease’) the upright position is maintained largely by the 
“inherent elasticity’ of the muscles involved. Consideration of the line of 
weight and of the force exerted on the calf muscles makes it extremely 
unlikely that the calf muscles are inactive in this position. 

2. In twelve males, the soleus in a weight-bearing limb was found to show 


well-marked activity, and in seven of the twelve the gastrocnemius was also 
active. 


We wish to thank Prof. J. Whillis for his helpful advice during this work, and Prof. G. Payling 
Wright for permission to use his recording camera and laboratory. 
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During a study of load-carrying it became necessary to determine the presence 
of activity in certain superficial muscles. For this purpose an electromyograph 
and surface electrodes were used. Some of the experiments, conducted on 
muscles supporting loads isometrically, appeared to show a quantitative 
relationship between the applied weight and the amplitude of the electro- 
myograph tracing. Although such a relationship could be expected to exist 
only under certain, limited conditions, it seemed worthwhile to investigate it 
more fully. | 

In the past, most work has tended to show the absence of a quantitative 
relationship between action potentials in a muscle and its tension (cf. Schaefer, 
1940). Rosenblueth, Wills & Hoagland (1941) showed that there is no 
relation between the mechanical tension record of a maximal twitch in the 
frog’s sartorius and the accompanying action potential spike. They concluded 
that end-plate potentials and slow positive components of the electromyogram 
mask any relationship that might exist between tension and fibre potentials. 

On the other hand, Watts (1924) described a parallelism between mechanical 
response and action potential when the sartorius muscle of a frog was indirectly 
stimulated with submaximal induction shocks. Loofbourrow (1948) investi- 
gated the problem using the tibialis anterior muscle of the anaesthetized cat 
and found no correlation between the amplitude of the electromyogram and 
isometric tension in the muscle, excited directly or via the motor nerve. If 
the muscle was submaximally excited via the motor cortex, however, the iso- 
metric tension recorded was always paralleled by the amplitude of the 
electromyogram. 

In the experiments reported here, conscious human subjects made voluntary 


contractions of varying known strengths, while simultaneous electromyograms 
were recorded and integrated mechanically. 
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METHODS 


The gastrocnemius-soleus muscle group of the right leg, producing plantar-flexion of the foot, was 
used in this study. The various contraction strengths of the muscle were measured with a dynamo- 
meter, while simultaneous electromyograms from it were recorded by means of an amplifier and 
cathode-ray oscillograph. 


Fig. 1. The dynamometer. 


The dynamometer (Fig. 1). This consisted of a rigid wooden framework, fixed to a firm base, 
into which the subject’s leg was clamped from the knee to the heel. The foot rested on a plate 
hinged in such a manner that its axis of rotation passed through the ankle joint, thus ensuring 
that only the forces tending to rotate the foot about the ankle joint were measured. Vertical 
forces due to the weight of the limb, pressure of the upper knee pad and transference of the body 
weight of the subject to the foot (by fixation of the knee joint) were all eliminated. 

Measurement of the pressure exerted by the sole of the foot, when the calf muscles contracted, 
was made by a hydraulic system and Bourdon gauge. The full-scale deflexion, equivalent to 
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a force of 125 kg on the sole of the foot, necessitated rotation of the plate by approximately 5°. 
Calibration has shown this instrument to be linear over the whole experimental range. 

Electrodes and amplifier. The electrodes were three small brass suction cups } in. in diameter 
and } in. deep connected by thin pressure tubing to a vacuum pump. 
Photographs taken before each experiment from the same point 
facilitated standardization of electrode position. Most experiments were 
performed with the electrodes equally spaced along the gastrocnemius 
belly in the mid-line (see Fig. 2). The amplifier was of conventional 
design with a push-pull input stage, having inphase degeneration, 
followed by a Ténnies compressor feeding two further stages in cascade. 
The effective input impedance was 4 MQ and the overall time constant 
was 2-7 sec. The gain was measured before and after each experiment. a 

Recording system. One beam of the oscilloscope recorded the muscle — 
action potentials while the other recorded a trace at 49 c/s produced by 
a phase shift oscillator driving a tuned vibrating reed. The camera 
recorded these traces on 70 mm perforated bromide paper travelling at 
100 cm/sec. 

Integration. Three lengths of action potential recording, chosen at 
random, were integrated for each tension reading on the dynamometer. 
Two lines at right angles to the centre line of the tracing (which is zero 
potential; recorded automatically during the experiment by means of 
a stationary spot on the oscillograph screen) exactly 4 sec apart were 
drawn on the record. The area enclosed by the zero line and the electro- 
myogram trace, in the positive sense, between these two lines and the on right leg. 
similar area in the negative sense, were then measured with a planimeter 
(Fig. 3). A mean area of the three randomly selected stretches of recording provided the measure 
of electrical activity of the muscle integrated over a period of } sec. 


RESULTS 


Action potentials were recorded from thirty different subjects during con- 
tractions of the calf muscles at ten different strengths of contraction from 
4-5 to 45 kg on the gauge. In order to eliminate any effects due to muscular 
fatigue certain experiments were performed in random order. Subjects found 
it quite easy to increase pressure smoothly to the required level and maintain 
it there for the 5 sec during which a recording was made. There was a large 
variation between the maximum tension that could be exerted by different 
subjects, ranging from about 30 to over 100 kg. Deep pain, possibly due to 
overstretching fibres in the muscle, appeared to be the commonest limiting 
factor in performance. In some subjects this pain persisted for several days; 
a few others had persistent stiffness. The maximum pressure of 45 kg in all 
experiments was well within the capabilities of all thirty subjects included in 
these results, , 

Fig. 3B is a typical stretch of recording with the area integrated shown 
black. A certain periodicity in the trace was present in most subjects at about 
$ to } sec intervals, apparently coinciding with muscular tremor. In one 
subject this periodicity was very marked. A prolonged series of contractions 
generally resulted in an accentuation of this periodicity as also did the main- 
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tenance of a maximal contraction for more than a few seconds. Fig. 4 shows 
the integrated action potentials plotted against the tension exerted by the 
muscle, the points shown referring to two experiments on the same subject. 
Table 1 shows the values obtained in the second of these experiments. 

Other experiments, not included in the series, were recorded from electrodes 
in various non-standard positions. Provided that the two recording electrodes 
were sited over the muscle belly or its tendons, the relationship was always 
a linear one, of the nature shown in Fig. 4, although when the electrodes were 
close together the output was lower and the scatter of the values about the 
plotted line was greater. Prolonged cleaning of the skin beneath the electrodes 
and the use of an electrode paste consisting of saturated salt solution made up 
in a water soluble base, increased the voltage of the recording slightly, 
resulting in an upward displacement of the plotted line. 


Fig. 3. A, normal electromyogram of calf muscles contracting isometrically. Pressure on 
dynamometer 35 kg. Surface electrodes. Time at 49 c/s. B, electromyogram (same record) 
showing area integrated in black. 

Some experiments were performed at contraction strengths increasing to 
the maximum that could be exerted by the subject. These showed the linear 
relationship to hold throughout the contraction range of the muscle, although 
scatter of the values became greater at near-maximal contractions because 
of the accentuated periodicity in the trace, and the difficulty experienced by 
the subject in maintaining a constant reading on the dial. 

The lines in Fig. 5 are regressions of integrated activity on the exerted 
pressure, one for each of ten experiments (i.e. they are the lines ‘statistically 
best fitting the plotted points’). The coefficient of correlation varies between 
+0-93 and +0-99. These regression lines vary between different subjects in 
residual variances and in their regression coefficients as shown in Table 2. 

The residual variance is a measure of the scatter of values of integrated 
activity about the regression line. It is probably dependent upon several 
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factors, such as an inaccurate measure of tension, owing to lack of muscular 
skill on the part of the subject, the presence of tremor and hence periodicity 
in the trace and errors in the integrating process. It becomes less as the period 


Integrated electromyogram (arbitrary units) 


Tension (arbitrary units) 

Fig. 4. The relation between electromyogram and tension during a voluntary contraction. 

(Subject E.E.E.T.) §§, on 30 November 1950. A, on 26 April 1951. 


TaBLeE 1. Results obtained in one experiment; records shown in Fig. 3 and plotted in Fig. 4 


Integrated action potentials oe 
Tension 
in muscle Period 1 (} sec) Period 2 (} sec) Period 3 (4 sec) 
units) +ve -ve +ve -—ve +ve -—ve Mean 
20 0-16 0-20 0-27 0-24 0-25 0-27 0-23 


80 0-85 0-87 0-80 0-81 0-98 1-00 0-89 
0-75 0-80 1-12 1-16 0°85 0-87 0-93 
100 1-00 1-01 1-20 1-18 1-05 1-02 1-08 


integrated is lengthened and is least when periods of } to 1 sec are measured. 
Residual variance tends to increase again when longer periods of integration 
are employed. Some subjects habitually showed a large residual variance 
which could be reduced to within the normal range by administration of 
quinal barbitone prior to the experiment. 


A 

| 

a A 

4 40 0°37 0-39 0-45 0-49 0-57 0-58 0-48 

3 50 0-61 0-60 0-62 0-63 0-49 0-51 0-58 

F 60 0-58 0-60 0-64 0-62 0-50 0-51 0-58 

; 70 0-85 0-82 0-67 0-65 0-84 0-80 0-77 


Integrated electromyogram (arbitrary units) 


INTEGRATED ELECTROMYOGRAM 497 
The regression coefficient expresses the output of electrical activity required 


to produce unit increase in tension. It varied considerably between different 
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10 20 30 40 50 60 70 80 90 100 
Tension (arbitrary units) 


Fig. 5. Regressions of integrated activity on tension. Ten experiments. (See Table 2.) 
TaBie 2, Analysis of results of ten experiments 


Product moment Regression Ratio of variances Ratio of standard 
Expt. no. correlation coefficient residual/total deviations 


7 +0-991 0-0118 0-018 0-134 

8 + 0-964 0-0197 0-070 0-265 

9 +0-935 0-126 0-355 
10 +0-971 0-0189 0-057 0-238 
ll +0-942 0-0187 0-114 0-338 
15 +0-994 0-012 0-110 
16 +0-995 0-0131 0-010 0-100 
17 +0-977 0-0103 0-045 0-212 
18 +0-992 0-0102 0-016 0-127 
19 +0-970 0-0166 0-059 0-243 


experiments, because differences in limb posture change the mechanical 

advantage at which the system operates, thus altering the ratio between 

activity and tension. Preliminary work has shown that providing precautions 
| 32 
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were taken to reproduce the electrode and limb position in the dynamometer 
accurately, the regression coefficient tended to be characteristic of the subject 
on different occasions. 

DISCUSSION 
The results show that under the limited conditions of the experiment there 
is a linear relation between the integrated electromyogram and the tension 
produced by a voluntary isometric contraction in a human muscle. 

Although there is no proportionality between the mechanical and the 
electrical responses of a single motor unit, when the summated effect of a large 
number of units is recorded by surface electrodes from the whole muscle, the 
variation is statistically cancelled out. It has been shown (Adrian & Bronk, 
1929; Eccles & Sherrington, 1930; Gilson & Mills, 1941) that changes in the 
strength of contraction of a muscle are brought about in two ways: as the 
strength of contraction increases the number of motor units active becomes 
greater and there is a rise in the frequency at which these units repetitively 
contract. 

Both these factors must increase the integrated sletcleal output of the 
muscle, so that the existence of this linear relationship indicates that the 
recruitment of motor units, bringing about increased strength of contraction, 
is spatially random. Similarly, there are either random increments of dis- 
charge frequencies of the active units, or once a particular unit has become 
active its rate of contraction smoothly increases. 

The lack of correlation between electrical and mechanical activity, found 
previously in animal experiments, may be due to a differential stimulation of 
the fibres of the motor nerve resulting in localized regions of activity within 
the muscle. Such localized activity would be unequally picked up at the 
surface, that from distant regions—although still exerting tension on the 
tendon—being attenuated to a greater degree than those potentials arising 
close to the electrodes. 

Under the artificial conditions of supramaximal stimulation of the motor 
nerve to a muscle the linear relationship cannot be expected to hold, because 
all the motor units are active and thus furnish a constant electrical output, 
while the strength of contraction can vary with other factors such as the 
frequency of stimulation (Adrian & Bronk, 1928, 1929; Brown & Burns, 
1949) and initial tension on the muscle (Adrian & Bronk, 1929). Loofbourrow, 
performing such an experiment upon the tibialis anterior of the cat, showed 
varying degrees of contraction without concomitant changes in the amplitude 
of the electromyogram, by varying the repetition rate of supramaximal 
stimuli. The amplitude of the electromyogram seems from his observations 
to be a function of the number of active units, rather than the frequency of 
their discharge. The integrated output, on the other hand, would appear from 
our results to be dependent upon both these factors. 
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SUMMARY 


1, The relation between the isometric tension of a voluntarily-contracting 
human muscle and its integrated electromyogram has been investigated. 

2. In thirty experiments on different subjects the relationship is always 
directly linear. 
_ 8. The coefficient of correlation in these experiments varies between + 0-93 

and +0:99. 
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A QUANTITATIVE DESCRIPTION OF MEMBRANE 
CURRENT AND ITS APPLICATION TO CONDUCTION 
AND EXCITATION IN NERVE 


By A. L. HODGKIN anp A. F. HUXLEY 
From the Physiological Laboratory, University of Cambridge 
(Received 10 March 1952) 


This article concludes a series of papers concerned with the flow of electric 


current through the surface membrane of a giant nerve fibre (Hodgkin, 
Huxley & Katz, 1952; Hodgkin & Huxley, 1952a-c). Its general object is to 


discuss the results of the preceding papers (Part I), to put them into — 


mathematical form (Part II) and to show that they will account for con- 
duction and excitation in quantitative terms (Part ITI). 


PART I. DISCUSSION OF EXPERIMENTAL RESULTS 


The results described in the preceding papers suggest that the electrical 
behaviour of the membrane may be represented by the network shown in 
Fig. 1. Current can be carried through the membrane either by charging the 
membrane capacity or by movement of ions through the resistances in parallel 
with the capacity. The ionic current is divided into components carried by 
sodium and potassium ions (Jy, and J,), and a small ‘leakage current’ (/;) 
made up by chloride and other ions. Each component of the ionic current is 
determined by a driving force which may conveniently be measured as an 
electrical potential difference and a permeability coefficient which has the 
dimensions of a conductance. Thus the sodium current (I,) is equal to the 
sodium conductance (9,,,) multiplied by the difference between the membrane 


potential (#) and the equilibrium potential for the sodium ion (Z,,). Similar — 


equations apply to J, and J, and are collected on p. 505. 

Our experiments suggest that g,, and g, are functions of time and 
membrane potential, but that Zy,, H,, E,, Cy and g, may be taken as 
constant. The influence of membrane potential on permeability can be sum- 
marized by stating: first, that depolarization causes a transient increase in 
sodium conductance and a slower but maintained increase in potassium con- 
ductance; secondly, that these changes are graded and that they can be 
reversed by repolarizing the membrane. In order to decide whether these 
effects are sufficient to account for complicated phenomena such as the action 
potential and refractory period, it is necessary to obtain expressions relating 
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the sodium and potassium conductances to time and membrane potential. 
Before attempting this we shall consider briefly what types of physical system 
are likely to be consistent with the observed changes in permeability. 

| Outside 


+ Ina Ik 
+? 
+ Ex 
Inside 


Fig. 1. Electrical circuit representing membrane. Ry,=1/gy,; Ry =1/gg; R,=1/9;. Ry, and 
Ry vary with time and membrane potential; the other components are constant. 


The nature of the permeability changes 

At present the thickness and composition of the excitable membrane are 
unknown. Our experiments are therefore unlikely to give any certain informa- 
tion about the nature of the molecular events underlying changes in perme- 
ability. The object of this section is to show that certain types of theory are 
excluded by our experiments and that others are consistent with them. 

The first point which emerges is that the changes in permeability appear to 
depend on membrane potential and not on membrane current. At a fixed 
depolarization the sodium current follows a time course whose form is inde- 
pendent of the current through the membrane. If the sodium concentration 
is such that Ey, <, the sodium current is inward; if it is reduced until 
Ey, > the current changes in sign but still appears to follow the same time 
-. course. Further support for the view that membrane potential is the variable 
controlling permeability is provided by the observation that restoration of the 
normal membrane potential causes the sodium or potassium conductance to 
decline to a low value at any stage of the response. 

The dependence of g,,, and g, on membrane potential suggests that the 
permeability changes arise from the effect of the electric field on the distribu- 
tion or orientation of molecules with a charge or dipole moment. By this we 
do not: mean to exclude chemical reactions, for the rate at which these occur 
might depend on the position of a charged substrate or catalyst. All that is 
intended is that small changes in membrane potential would be most unlikely 
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to cause large alterations in the state of a membrane which was composed 
entirely of electrically neutral molecules. 

The next question to consider is how changes in the distribution of a charged 
particle might affect the ease with which sodium ions cross the membrane. 
Here we can do little more than reject a suggestion which formed the original 
basis of our experiments (Hodgkin, Huxley & Katz, 1949). According to this 
view, sodium ions do not cross the membrane in ionic form but in combination 
with a lipoid soluble carrier which bears a large negative charge and which can 
combine with one sodium ion but no more. Since both combined and un- 
combined carrier molecules bear a negative charge they are attracted to the 
outside of the membrane in the resting state. Depolarization allows the carrier 
molecules to move, so that sodium current increases as the membrane potential’ 
is reduced. The steady state relation between sodium current and voltage 
could be calculated for this system and was found to agree reasonably with the 
observed curve at 0-2 msec after the onset of a sudden depolarization. This 
was encouraging, but the analogy breaks down if it is pursued further. In the 
model the first effect of depolarization is a movement of negatively charged 
molecules from the outside to the inside of the membrane. This gives an initial 
outward current, and an inward current does not occur until combined carriers 
lose sodium to the internal solution and return to the outside of the membrane. 
In our original treatment the initial outward current was reduced to vanishingly 
small proportions by assuming a low density of carriers and a high rate of 
movement and combination. Since we now know that the sodium current 
takes an appreciable time to reach its maximum, it is necessary to suppose 
that there are more carriers and that they react or move more slowly. This 
means that any inward current should be preceded by a large outward current. 
Our experiments show no sign of a component large enough to be consistent 
with the model. This invalidates the detailed mechanism assumed for the 
permeability change but it does not exclude the more general possibility that 
sodium ions cross the membrane in combination with a lipoid soluble carrier. 

A different form of hypothesis is to suppose that sodium movement depends 
on the distribution of charged particles which do not act as carriers in the 
usual sense, but which allow sodium to pass through the membrane when they 
occupy particular sites in the membrane. On this view the rate of movement 
of the activating particles determines the rate at. which the sodium con- 
ductance approaches its maximum but has little effect on the magnitude of 
the conductance. It is therefore reasonable to find that temperature has 
a large effect on the rate of rise of sodium conductance but a relatively small 
effect on its maximum value. In terms of this hypothesis one might explain 
the transient nature of the rise in sodium conductance by supposing that the 
activating particles undergo a chemical change after moving from the position 
which they occupy when the membrane potential is high. An alternative is to 


io 
A 
a 
8 
q 
( 
4 
> 
4 
| 


MEMBRANE CURRENT IN NERVE 503 


attribute the decline of sodium conductance to the relatively slow movement 
of another particle which blocks the flow of sodium ions when it reaches a 
certain position in the membrane. 

Much of what has been said about the changes in sodium permeability 
applies equally to the mechanism underlying the change in potassium perme- 
ability. In this case one might suppose that there is a completely separate 
system which differs from the sodium system in the following respects: (1) the 
activating molecules have an affinity for potassium but not for sodium; 


(2) they move more slowly; (3) they are not blocked or inactivated. An 


* 


alternative hypothesis is that only one system is present but that its selectivity 
changes soon after the membrane is depolarized. A situation of this kind would 
arise if inactivation of the particles selective for sodium converted them into 
particles selective for potassium. However, this hypothesis cannot be applied — 
in a simple form since the potassium conductance rises too slowly for a direct 


conversion from a state of sodium permeability to one of potassium 


permeability. 

One of the most striking properties of the membrane is the extreme steepness 
of the relation between ionic conductance and membrane potential. Thus gx, 
may be increased e-fold by a reduction of only 4 mV, while the corresponding 
figure for gx is 5-6 mV (Hodgkin & Huxley, 1952a, figs. 9, 10). In order to 
illustrate the possible meaning of this result we shall suppose that a charged 
molecule which has some special affinity for sodium may rest either on the 
inside or the outside of the membrane but is present in negligible concentra- 
tions elsewhere. We shall also suppose that the sodium conductance is pro- 
portional to the number of such molecules on the inside of the membrane but 
is independent of the number on the outside. From Boltzmann’s principle the 
proportion P, of the molecules on the inside of the membrane is related to the 
proportion on the outside, P,, by 


= exp[(w+zeH)/kT], 


where E is the potential difference between the outside and the inside of the 
membrane, w is the work required to move the molecule from the inside to the 
outside of the membrane when E =0, ¢ is the absolute value of the electronic 
charge, z is the valency of the molecule (i.e. the number of positive electronic 
charges on it), & is Boltzmann’s constant and 7’ is the absolute temperature. 
Since we have assumed that P;+P,=1 the expression for FP; is 


For negative values of z and with E sufficiently large and positive this gives 
P,=constant x exp[zeEH/kT}. 
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RT\. 
In order to explain our results z must be about —6 since "(=F is 25 mV 


at room temperature and gy,% exp—E/4 for E large. This suggests that the 


particle whose distribution changes must bear six negative electronic charges, 
or, if a similar theory is developed in terms of the orientation of a long 
molecule with a dipole moment, it must have at least three negative charges 
on one end and three positive charges on the other. A different but related 
approach is to suppose that sodium movement depends on the presence of six 


singly charged molecules at a particular site near the inside of the membrane. 


The proportion of the time that each of the charged molecules spends at the 
inside is determined by exp — E£/25 so that the proportion of sites at which all 
six are at the inside is exp—H/4-17. This suggestion may be given plausibility 
but not mathematical simplicity by imagining that a number of charges form 
a bridge or chain which allows sodium ions to flow through the membrane 
when it is depolarized. Details of the mechanism will probably not be settled 
for some time, but it seems difficult to escape the conclusion that the changes 
in ionic permeability depend on the movement of some component of the 
membrane which behaves as though it had a large charge or dipole moment. 
If such components exist it is necessary to suppose that their density is 
relatively low and that a number of sodium ions cross the membrane at a single 
active patch. Unless this were true one would expect the increase in sodium 
permeability to be accompanied by an outward current comparable in 
magnitude to the current carried by sodium ions. For movement of any 


% 


charged particle in the membrane should contribute to the total current and — 


the effect would be particularly marked with a molecule, or aggregate, bearing 
a large charge. As was mentioned earlier, there is no evidence from our 
experiments of any current associated with the change in sodium perme- 
ability, apart from the contribution of the sodium ion itself. We cannot set 
a definite upper limit to this hypothetical current, but it could hardly have 
been more than a few per cent of the maximum sodium current without pro- 
_ ducing a conspicuous effect at the sodium potential. 


PART II. MATHEMATICAL DESCRIPTION OF MEMBRANE 
CURRENT DURING A VOLTAGE CLAMP 
Total membrane current 


The first step in our analysis is to divide the total membrane current into 
a capacity current and an ionic current. Thus 
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I is the total membrane current density (inward current positive); 

I, is the ionic current density (inward current positive); : 

V isthe displacement of the membrane potential from its resting value 

(depolarization negative) ; 

Cy is the membrane capacity per unit area (assumed constant); 

¢ is time. 
The justification for this equation is that it is the simplest which can be used 
and that it gives values for the membrane capacity which are independent of 
the magnitude or sign of V and are little affected by the time course of V (see, 
for example, table 1 of Hodgkin e¢ al. 1952). Evidence that the capacity 
‘current and ionic current are in parallel (as suggested by eqn. (1)) is provided 


by the similarity between ionic currents measured with = =0 and those 
calculated from —C,, with J =0 (Hodgkin et al. 1952). 

The only major reservation which must be made about eqn. (1) is that it 
takes no account of dielectric loss in the membrane. There is no simple way of 
estimating the error introduced by this approximation, but it is not thought 
to be large since the time course of the capacitative surge was reasonably close 

to that calculated for a perfect condenser (Hodgkin et al. 1952). 


The vonic current 

A further subdivision of the membrane current can be made by splitting the 
ionic current into components carried by sodium ions (Zy,), potassium ions 
(I) and other ions (J;): +1, (2) 
The individual ionic currents 

In the third paper of this series (Hodgkin & Huxley, 19526), we showed that 
the ionic permeability of the membrane could be satisfactorily expressed in 
terms of ionic conductances (gx,,, 9x and g,). The individual ionic currents are 
obtained from these by the relations | 

Ea), 
Ix =9x (E- Ex), 
I,=9, (E-£,), 

where Ey, and Ey are the equilibrium potentials for the sodium and potassium 
ions. E, is the potential at which the ‘leakage current’ due to chloride and 
other ions is zero. For practical application it is convenient to write these 
equations in the form (3) 


9x (V—Vx), (4) 
I,=9, (V —V)), (5) 


a 
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where V=E-E,, 
Va = Ena E,, 
Ve E,, 
and E, is the absolute value of the resting potential. V, Vy,, Vg and V, can 
then be measured directly as displacements from the resting potential. 


The ionic conductances 
The discussion in Part I shows that there is little hope of calculating the 
time course of the sodium and potassium conductances from first principles. 
Our object here is to find equations which describe the conductances with | 


reasonable accuracy and are sufficiently simple for theoretical calculation of | 


the action potential and refractory period. For the sake of illustration we 
shall try to provide a physical basis for the equations, but must emphasize 
that the interpretation given is unlikely to provide a correct picture of the 
membrane. 


Potassium conductance 
(m.mho/em?) 


UO SO 


msec 

Fig. 2. A, rise of potassium conductance associated with depolarization of 25 mV; B, fall of 
potassium conductance associated with repolarization to the resting potential. Circles: 
experimental points replotted from Hodgkin & Huxley (19526, Fig. 13). The last point of 
A is the same as the first point in B. Axon 18, 21° C in choline sea water. The smooth curve 
is drawn according to eqn. (11) with the following parameters: 


Curve A Curve B 
(V = -26 mV) (V =0) 
Ixo 0-09 m.mho/cm?* 7-06 m.mho/cm? 
7-06 m.mho/cm? 0-09 m.mho/cm* 
To 0:75 msec 1-1 msec 


At the outset there is the difficulty that both sodium and potassium con- 


ductances increase with a delay when the axon is depolarized but fall with no 
appreciable inflexion when it is repolarized. This is illustrated by the circles in 
Fig. 2, which shows the change in potassium conductance associated with 
a depolarization of 25 mV lasting 4-9 msec. If g, is used as a variable the end 
of the record can be fitted by a first-order equation but a third- or fourth-order 
equation is needed to describe the beginning. A useful simplification is 
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achieved by supposing that g, is proportional to the fourth power of a variable 


which obeys a first-order equation. In this case the rise of potassium con- 
_ ductance from zero to a finite value is described by (1—exp (—#))*, while the 


fall is given by exp (—4t). The rise in conductance therefore shows a marked 
inflexion, while the fall is a simple exponential. A similar assumption using 
a cube instead of a fourth power describes the initial rise of sodium con- 
ductance, but a term representing inactivation must be included to cover the 
behaviour at long times. 


The potassium conductance 
The formal assumptions used to describe the potassium conductance are: 
| Ix =9x", (6) 
(1—n)— Bm, (7 


where J; is a constant with the dimensions of conductance/cm?, «, and B,, 
are rate constants which vary with voltage but not with time and have > 
dimensions of [time]-!, is a dimensionless variable which can vary between 
0 and 1. 

These equations may be given a physical basis if we assume that potassium 
ions can only cross the membrane when four similar particles occupy a certain 
region of the membrane. » represents the proportion of the particles in a certain 
position (for example at the inside of the membrane) and 1—n represents 
the proportion that are somewhere else (for example at the outside of the 
membrane). «, determines the rate of transfer from outside to inside, while 
B,, determines the transfer in the opposite direction. If the particle has a 
negative charge «,, should increase and 8, should decrease when the membrane 
is depolarized. 

Application of these equations will be discussed in terms of the family of 
curves in Fig. 3. Here the circles are experimental observations of the rise of 
potassium conductance associated with depolarization, while the smooth 
curves are theoretical solutions of eqns. (6) and (7). 

In the resting state, defined by V =0, » has a resting value given by 


If V is changed suddenly «,, and f,, instantly take up values appropriate to the 
new voltage. The solution of (7) which satisfies the boundary condition that 


n=n, when t=0 is 
N = Nap — (Ma — Ng) exp (—t/t,), (8) 


where Non = + Bn) (9) 
and = 1) + Bn): (10) 
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From eqn. (6) this may be transformed into a form suitable for comparison 
with the experimental results, i.e. 

9x (—t/7,)}*, (11) 


where gx. is the value which the conductance finally attains and gx, is the 
conductance at t=0. The smooth curves in Fig. 3 were calculated from 


109 


—A 


100 


Fig. 3. Rise of potassium conductance associated with different depolarizations. The circles are 
experimental points obtained on axon 17, temperature 6-7° C, using observations in sea water 
and choline sea water (see Hodgkin & Huxley, 1952a). The smooth curves were drawn from 
eqn. (11) with 9xo = 0-24 m.mho/cm? and other parameters as shown in Table 1. The time 
scale applies to all records. The ordinate scale is the same in the upper ten curves (A to J) 


and is increased fourfold in the lower two curves (K and L). The 
the depolarization in mV. : ( ) number on each curve gives 
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eqn. (11) with a value of +, chosen to give the best fit. It will be seen that 

there is reasonable agreement between theoretical and experimental curves, 

except that the latter show more initial delay. Better agreement might have 

been obtained with a fifth or sixth power, but the improvement was not con- 
sidered to be worth the additional complication. 

The rate constants «,, and B,,. At large depolarizations 9,,. seems to approach 

an asymptote about 20-50% greater than the conductance at —100 mV. 


Taste 1. Analysis of curves in Fig. 3 


Tn 

(mV) (m.mhojom*) (msec) (msec-*) (msec™*) 

Curve (1) (2) (3) (4) (5) (6) 

— (24°31) (1-000) — 
A -l 20-70 0-961 1-05 0-915 0-037 
B - 100 20-00 0-953 1-10 0-866 0-043 
C - 88 18-60 0-935 1-25 0-748 0-052 
D - 76 17-00 0-915 1-50 0-610 0-057 
E - 63 15-30 0-891 1-70 0-524 0-064 
F - 61 13-27 0-859 2-05 0-419 0-069 
G - 38 10-29 0-806 2-60 0-310 0-075 
H - 32 8-62 0-772 3-20 0-241 0-071 
I - 26 6°84 0-728 3-80 0-192 0-072 
J - 19 5-00 0-674 4-50 0-150 0-072 
K - 10 1-47 0-496 5-25 0-095 0-096 
L - 6 0-98 0-448 5-25 0-085 0-105 


- Col. 1 shows depolarization in mV; col. 2, final potassium conductance; col. 3, n. =(9g0/9x)*; 
col. 4, time constant used to compute curve; col. 5, «, =1.»/7,; col. 6, B, =(1 -—..)/7,. The figure 
of 24-31 was chosen for J, because it made the asymptotic value of n,, 5% greater than the value 
at -100 mV. | 


For the purpose of calculation we assume that n=1 at the asymptote which 
is taken as about 20% greater than the value of g,.. at V= —100 mV. These 
assumptions are somewhat arbitrary, but should introduce little error since 
we are not concerned with the behaviour of g, at depolarizations greater than 
about 110mV. In the experiment illustrated by Fig. 3, 9, =20 m.mho/cm* 
at V=—100 mV. g, was therefore chosen to be near 24 m.mho/cm*. This 
value was used to calculate n,, at various voltages by means of eqn. (6). «,, and 
B,, could then be obtained from the following relations which are derived from 
eqns. (9) and (10): | 

Oy, = 

Bn (1 
The results of analysing the curves in Fig. 3 by this method are shown in 
Table 1. 

An estimate of the resting values of «, and f, could be obtained from the 


decline in potassium conductance associated with repolarization. The pro- 
cedure was essentially the same but the results were approximate because the 
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resting value of the potassium conductance was not known with any accuracy 
when the membrane potential was high. Fig. 2 illustrates an experiment in 
which the membrane potential was restored to its resting value after a de- 
polarization of 25 mV. It will be seen that both the rise and fall of the 
potassium conductance agree reasonably with theoretical curves calculated 
from eqn. (11) after an appropriate choice of parameters. The rate constants 
derived from these parameters were (in msec): «,=0-21, 8, =0°70 when 
V =0 and a, =0-90, 8, =0-43 when V = —25 mV. 

In order to find functions connecting «,, and £,, with membrane potential we 
collected all our measurements and plotted them against V, as in Fig. 4. 
Differences in temperature were allowed for by adopting a temperature 
coefficient of 3 (Hodgkin et al. 1952) and scaling to 6° C. The effect of replacing 
sodium by choline on the resting potential was taken into account by dis- 
placing the origin for values in choline sea water by +4 mV. The continuous 
curves, which are clearly a good fit to the experimental data, were calculated 
from the following expressions: 


V+10 (12) 


a,=0-01 (V +10) exp 


B, =0-125 exp (V/80), (13) 


where «,, and B. are given in reciprocal msec and V is the displacement of the 
membrane potential from its resting value in mV. 

These expressions should also give a satisfactory foruvala for the steady 
potassium conductance (9;.,) at any membrane potential (V), for this relation 
is implicit in the measurement of «, and 8, This is illustrated by Fig. 5, in 
_ which the abscissa is the membrane potential and the ordinate is (9,../9x). 
The smooth curve was calculated from eqn. (9) with «, and £,, substituted 
from eqns. (12) and (13). 

Fig. 4 shows that 8, is small compared to «, over most of the range; we 
therefore do not attach much weight to the curve relating f,, to V and have 
used the simplest expression which gave a reasonable fit. The function for «,, 
was chosen for two reasons. First, it is one of the simplest which fits the 
experimental results and, secondly, it bears a close resemblance to the 
equation derived by Goldman (1943) for the movements of a charged particle 
in a constant field. Our equations can therefore be given a qualitative physical 
basis if it is supposed that the variation of « and 8 with membrane potential 
arises from the effect of the electric field on the movement of a negatively 
charged particle which rests on the outside of the membrane when VV is large 
and positive, and on the inside when it is large and negative. The analogy 
cannot be pressed since « and f are not symmetrical about E=0, as they 
Should be if Goldman’s theory held in a simple form. Better agreement might 
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Rate constant (msec-*) 
& 


-110-100 -90 -80 -70 -60 -50-40 -30 -20-10 0 10 20 30 40 

V (mV) 
Fig. 4. Abscissa: membrane potential minus resting potential in sea water. Ordinate: rate 
constants determining rise («,) or fall (8,) of potassium conductance at 6° C. The resting 
_ potential was assumed to be 4 mV higher in choline sea water than in ordinary sea water. 
@ Temperature differences were allowed for by assuming a Q,, of 3. All values for V< 0 were 
obtained by the method illustrated by Fig. 3 and Table 1; those for V > 0 were obtained 
from the decline of potassium conductance associated with an increase of membrane potential 
or from repolarization to the resting potential in choline sea water (e.g. Fig. 2). Axons 17-21 
at 6-11°C, the remainder at about 20° C. The smooth curves were drawn from eqns. (12) 
and (13). 
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0 | i L l l 
—110-100-—90 -80 -70 —60 -50 —40 —30 -20-10 0 +10 +20 +30+40 +50 +60 
| V(mV) 

Fig. 5. Abscissa: membrane potential minus resting potential in sea water. Ordinate: experi- 
mental measurements of n,, calculated from the steady potassium conductance by the 
relation . =4(gxo/fx)» Where Jx is the ‘maximum’ potassium conductance. The smooth 
curve is drawn according to eqn. (9). 
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be obtained by postulating some asymmetry in the structure of the membrane, 
but this assumption was regarded as too speculative for profitable considera- 
tion. 
The sodium conductance 

There are at least two general methods of describing the transient changes 
in sodium conductance. First, we might assume that the sodium conductance 
is determined by a variable which obeys a second-order differential equation. 
Secondly, we might suppose that it is determined by two variables, each of 
which obeys a first-order equation. These two alternatives correspond roughly 
to the two general types of mechanism mentioned in connexion with the 


nature of inactivation (pp. 502-503). The second alternative was chosen since, 


it was simpler to apply to the experimental results. 


The formal assumptions made are: 
Ina (14) 
(1—m)—8,,m, (15) 
(1—h)—8,h, (16) 


where 9, is a constant and the «’s and ’s are functions of V but not of t. 
These equations may be given a physical basis if sodium conductance is 
assumed to be proportional to the number of sites on the inside of the membrane 
which are occupied simultaneously by three activating molecules but are not 
blocked by an inactivating molecule. m then represents the proportion of 
activating molecules on the inside and 1—m the proportion on the outside; 
h is the proportion of inactivating molecules on the outside and 1—h the 


proportion on the inside. «,, or 8, and £,, or a, represent the transfer rate — 


constants in the two directions. 

Application of these equations will be discussed first in terms of the family 
of curves in Fig. 6. Here the circles are experimental estimates of the rise and 
fall of sodium conductance during a voltage clamp, while the smooth curves 
were calculated from eqns. (14)-(16). 

The solutions of eqns. (15) and (16) which satisfy the boundary conditions 
m=m, and h=h, at t=0 are 


My) CXP(—tltm), (17) 
(ha —hg) exp (18) 
where My = + Bey) and Tm = 1/(%m + Bm); 


he and 
In the resting state the sodium conductance is very small compared with the 
value attained during a large depolarization. We therefore neglect m, if the 
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depolarization is greater than 30 mV. Further, inactivation is very nearly 
complete if V < —30 mV so that h,, may also be neglected. The expression for 
the sodium conductance then becomes 


Ina = Ne [1 — exp ( exp (—t/r,), (19) 


a a C 


ae 
100 

E 

5s 

—o- 0. 


19 


Fig. 6. Changes of sodium conductance associated with different depolarizations. The circles are 
experimental estimates of sodium conductance obtained on axon 17, temperature 6-7° C 
(cf. Fig. 3). The smooth curves are theoretical curves with parameters shown in Table 2; 
A to H drawn from egn. 19, J to L from 14, 17, 18 with gy, =70-7 m.mho/cm*. The ordinate 
scales on the right are given in m.mho/cm*. The numbers on the left show the depolarization 
in mV, The time scale applies to all curves. 


or 


where gx, =9nx,m*,hy and is the value which the sodium conductance would 
attain if h remained at its resting level (h,). Eqn. (19) was fitted to an experi- 
mental curve by plotting the latter on double log paper and comparing it with 
a similar plot of a family of theoretical curves drawn with different ratios of 
T to 7,. Curves A to H in Fig. 6 were obtained by this method and gave the 
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values of 9x, 7 and 7, shown in Table 2. Curves J to L were obtained from 
eqns. (17) and (18) assuming that h,. and 7, had values calculated from experi- 
ments described in a previous paper (Hodgkin & Huxley, 1952 c). 

The rate constants «,, and B,,. Having fitted theoretical curves to the experi- 
mental points, «,, and 8,, were found by a procedure similar to that used with 
a, and B,, i.e. 

By = (1 | 
the value of m,. being obtained from 4g, on the basis that m,, approaches 
unity at large depolarizations. 


= 


Rate constant (msec-") 


i 
—110-100 -90 -80 -70 -60 -50-40 -30 -20-10 0 +10 
| (mV) 

Fig. 7. Abscissa: membrane potential minus resting potential in sea water. Ordinate: rate 
constants (a,, and £,,) determining initial changes in sodium conductance at 6° C.’ All values 
for V <0 were obtained by the method illustrated by Fig. 6 and Table 2; the value at V = 0 
was obtained from the decline in sodium conductance associated with repolarization to the 
resting potential. The temperature varied between 3 and 11°C and was allowed for by 
assuming @ Q,, of 3. The smooth curves were drawn from eqns. (20) and (21). 


_ Values of «,, and £,, were collected from different experiments, reduced to 
a temperature of 6° C by adopting a Q,, of 3 and plotted in the manner shown 
in Fig. 7. The point for V=0 was obtained from what we regard as the most 
teliable estimate of the rate constant determining the decline of sodium con- 
ductance when the membrane is repolarized (Hodgkin & Huxley, 19526, 
table 1, axon 41). The smooth curves in Fig. 7 were drawn according to the 
equations: 


=0-1 (+26) [(exp (20) 


B,, =4 exp (V/18), (21) 
where «,, and £,, are expressed in msec™! and V is in mV. 
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Fig. 8 illustrates the relation between m,, and V. The symbols are experi- 
mental estimates and the smooth curve was calculated from the equation 


May = + Bm)» (22) 
where «,, and £,, have the values given by eqns. (20) and (21). 
The rate constants a,, and B,,. The rate constants for the inactivation process 
were calculated from the expressions 
By 


° 

a 

° 

apoa 


-110-100 -90 -80 -70 -60 -50 40 -30 -20-10 0 +10 
V(mV) 


Fig. 8. Abscissa: membrane potential minus resting potential in sea water. Ordinate: mo 
obtained by fitting curves to observed changes in sodium conductance at different depolariza- 
tions (e.g. Fig. 6 and Table 2). The smooth curve is drawn according to eqn. (22). The 
experimental points are proportional to the cube root of the sodium conductance which 
would have been obtained if there were no inactivation. 


Values obtained by these equations are plotted against membrane potential 
in Fig. 9. The points for V < —30 mV were derived from the analysis described 
in this paper (e.g. Table 2), while those for V> —30 mV were obtained from 
the results given in a previous paper (Hodgkin & Huxley, 1952c). A tem- 
perature coefficient of 3 was assumed and differences in resting potential were 
allowed for by taking the origin at a potential corresponding to h,, =0°6. 
The smooth curves in this figure were calculated from the expressions 


&,=0-07 exp (V/20), (23) 


B,=1 / 1). (24) 
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The steady state relation between h,, and V is shown in Fig. 10. The smooth 
curve is calculated from the relation 


= + By), (25) 
14 714 
13 wa a 17 ~ 1 3 
| | @ 20 By. 
| 21 
7 +11 
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10 38 | Bn 410 
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| Fig. 9. Rate constants of inactivation (a, and £,) as functions of membrane potential (V). The 
smooth curves were calculated from eqns. (23) and (24). The experimental values of «, and f, 
were obtained from data such as those in Table 2 of this paper (method A) or from the values of 
| 7, and he given in Table 1 of Hodgkin & Huxley (1952c) (method B). Temperature differences 


V=0. 


with «, and £, given by eqns. (23) and (24). If V> —30 mV this expression 
approximates to the simple expression used in a previous paper (Hodgkin & 


Huxley, 1952 c), i.e. ee 
he=1] (1-+exp 


the same as that giving the effect of a potential difference on the proportion 
of negatively charged particles on the outside of a membrane to the total 
| number of such particles on both sides of the membrane (see p. 503). It is there- 
fore consistent with the suggestion that inactivation might be due to the 


were allowed for by scaling with a Q,, of 3. Axon 39 was at 19°C; all others at 3-9°C. The - 
values for axons 37 and 39* were displaced by - 1-5 and - 12 mV in order to give ha =0-6 at . 


| where V, is about —2 and is the potential at which h,,=0-5. This equation is’ 


if 
t 
4 
{ 
y 


3 
- 


518 A. L. HODGKIN AND A. F. HUXLEY 


movement of a negatively charged particle which blocks the flow of sodium 
ions when it reaches the inside of the membrane. This is encouraging, but it 
must be mentioned that a physical theory of this kind does not lead to 
satisfactory functions for «, and TPs without further ad hoc — 
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Fig. 10. Steady state relation between A and V. The smooth curve is drawn according to eqn. (25). 
_ The experimental points are those given in Table 1 of Hodgkin & Huxley (1952c). Axon 38 
(5° C) as measured. Axon 39 (19° C) displaced -1-5mV. Axon 39* (3° C, fibre in derelict 
state) displaced -12 mV. The curve gives the fraction of the sodium-carrying system which 

is readily available, as a function of membrane potential, in the steady state. 


PART III. RECONSTRUCTION OF NERVE BEHAVIOUR 


The remainder of this paper will be devoted to calculations of the electrical 
behaviour of a model nerve whose properties are defined by the equations 
which were fitted in Part II to the voltage — records described in the 
earlier papers of this series. 


Summary of equations and parameters — 
We may first collect the equations which give the total menpene current I 
as a function of time and voltage. These are: 


where. (7) 
dm/dt=«,,(1—m)—B,,m, (15) 

(16) 
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B,, = 0-125 exp (V/80), (13) 

=01 (7 +26) (20) 

B,,=4 exp (V/18), (21) 

a, =0-07 exp (V/20), | (23) 

(exp 1). (24) 


Equation (26) is derived simply from eqns. (1)-(6) and (14) in Part II. The 
four terms on the right-hand side give respectively the capacity current, the 
current carried by K ions, the current carried by Na ions and the leak current, 
for 1 cm* of membrane. These four components are in parallel and add up to 
give the total current density through the membrane J. The conductances to 
K and Na are given by the constants 9, and gy, , together with the dimension- 
less quantities n, m and h, whose variation with time after a change of 
membrane potential is determined by the three subsidiary equations (7), (15) 
and (16). The «’s and f’s in these equations depend only on the instantaneous 


_ value of the membrane potential, and are given by the remaining six equations. 


Potentials are given in mV, current density in »A/cm?, conductances in 
m.mho/cm?, capacity in pF /cm?, and time in msec. The expressions for the 
a's and f’s are appropriate to a temperature of 6-3° C; for other temperatures 
they must be scaled with a Q,, of 3. 

The constants in eqn. (26) are taken as independent of temperature. The 
values chosen are given in Table 3, column 2, and may be compared with the 
experimental values in columns 3 and 4. 


Membrane currents during a voltage clamp 
Before applying eqn. (26) to the action potential it is well to check that it 


predicts correctly the total current during a voltage clamp. At constant 


voltage dV/dt=0 and the coefficients « and f are constant. The solution is 
then obtained directly in terms of the expressions already given for n, m and h 
(eqns. (8), (17) and (18)). The total ionic current was computed from these for 
a number of different voltages and is compared with a series of experimental 
curves in Fig. 11. The only important difference is that the theoretical current 
has too little delay at the sodium potential; this reflects the inability of our 
equations to account fully for the delay in the rise of gy (p. 509). 


‘Membrane’ and propagated action potentials 
By a ‘membrane’ action potential is meant one in which the membrane 
potential is uniform, at each instant, over the whole of the length of fibre 
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Fig. 11. Left-hand column: time course of membrane current during voltage clamp, calculated 
for temperature of 4° C from eqn. (26) and subsidiaries and plotted on the same scale as the 
experimental curves in the right-hand column. Right-hand column: observed time course of 
membrane currents during voltage clamp. Axon 31 at 4° C; compensated feedback. The 
time scale changes between d, D and e, E. The current scale changes after b, B; c, C; d, D 


and f, F. 
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considered. There is no current along the axis cylinder and the net membrane 
current must therefore always be zero, except during the stimulus. If the 
stimulus is a short shock at ¢=0, the form of the action potential should be 
given by solving eqn. (26) with J =0 and the initial conditions that V=V, and 
m, n and h have their resting steady state values, when ¢=0. 

The situation is more complicated in a propagated action potential. The fact 
that the local circuit currents have to be provided by the net membrane 
current leads to the well-known relation 


where é is the membrane current per unit length, r, and r, are the external and . 
internal resistances per unit length, and z is distance along the fibre. For an 


axon surrounded by a large volume of conducting fluid, 7, is — com- 
= with r,. Hence 


(27) 


or [= (28) 
where J is the membrane current density, a is the radius of the fibre and R, is 
the specific resistance of the axoplasm. Inserting this relation in eqn. (26), 
we have 


or. 


the subsidiary equations being unchanged. 

Equation (29) is a partial differential equation, and it is not practicable to 
solve it as it stands. During steady propagation, however, the curve of V 
against time at any one position is similar in —" to that of V against distance 
at any one time, and it follows that 


of’ 
where @ is the velocity of conduction. Hence 


d?V dV 


This is an ordinary differential equation and can be solved numerically, but 
the procedure is still complicated by the fact that 6 is not known in advance. 
It is necessary to guess a value of 0, insert it in eqn. (30) and carry out the 
numerical solution starting from the resting state at the foot of the action 
potential. It is then found that V goes off towards either +00 or— oo, 
according as the guessed @ was too small or too large. A new value of @ is 
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then chosen and the procedure repeated, and so on. The correct value brings 
V back to zero (the resting condition) when the action potential is over. 

_ The solutions which go towards +o correspond to action potentials 

travelling slower than normal under a travelling anode or faster than normal 

under a travelling cathode. We suspect that a system which tends to — co for 

all values of @ after an initial negative displacement of V is one which is 

incapable of propagating an action potential. 


NUMERICAL METHODS 
Membrane action potentials — 

Integration procedure. The equations to be solved are the four simultaneous first-order equations 
(26), (7), (15), and (16) (p. 518). After slight rearrangement (which will be omitted in this desorip- 
tion) these were integrated by the method of Hartree (1932-3). Denoting the beginning and end 
of a step by ¢, and ¢, (=#, +8) the procedure for each step was as follows: 

(1) Estimate V, from V, and its backward differences. 

(2) Estimate n, from n, and its backward differences. 

(3) Calculate (dn/dt), from eqn. 7 using the estimated n, and the values of «, and f, appropriate 
to the estimated V,. 

(4) Calculate n, from the equation 


dt { (dn dn dn dn 
A*(dn/dt) is the second difference of dn/dt; its value at ¢, has to be estimated. 

(5) If this value of n, differs from that estimated in (2), repeat (3) and (4) using the new n,. If 
necessary, repeat again until successive values of n, are the same. 

(6) Find m, and h, by procedures analogous to steps (2)-(5). 

(7) Caleulate and 

(8) Calculate (dV/dé), from eqn. 26 using the values found in (7) and the originally estimated 
V;. 
(9) Calculate a corrected V, by procedures analogous to steps (4) and (5). This result never 
differed enough from the original estimated value to necessitate repeating the whole procedure 
from step (3) onwards. 

The step value had to be very small initially (since there are no differences at ¢=0) and it also 
had to be changed repeatedly during a run, because the differences became unmanageable if it 
was too large. It varied between about 0-01 msec at the beginning of a run or 0-02 msec during 
the rising phase of the action potential, and 1 msec during the small oscillations which follow the 
spike. | 

Accuracy. The last digit retained in V corresponded to microvolts, Sufficient digits were kept 
in the other variables for the resulting errors in the change of V at each step to be only occasionally 
as large as 1uV. It is difficult to estimate the degree to which the errors at successive steps 
accumulate, but we are confident that the overall errors are not large enough to be detected in the 
illustrations of this paper. 

Temperature differences. In calculating the action potential it was convenient to use tables 
giving the a’s and f’s at intervals of 1 mV. The tabulated values were appropriate to a fibre at 
6-3° C. To obtain the action potential at some other temperature 7” °C the direct method would 
be to multiply all «’s and f’s by a factor ¢ =3'7’—*9), this being correct for a Q,, of 3. Inspection 
of eqn. 26 shows that the same result is achieved by calculating the action potential at 6-3° C with 
@ membrane capacity of Cy »F/cm*, the unit of time being 1/¢ msec. This method was adopted 
since it saved recalculating the tables. 
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Equations. The main equation for a propagated action potential is eqn. (30). Introducing 
a quantity K =2R,6°C'y/a, this becomes 7 


The subsidiary equations (7), (15) and (16), and the «’s and fs, are the same as for the membrane 


Integration procedure. Steps (1)-(7) were the same as for the membrane action potential. After 
that the procedure was as follows: 
(8) Estimate (dV/dt), from (dV/dt), and its backward differences. 
(9) Calculate (d*V/df*), from eqn. (31), using the values found in (7) and the estimated values 
of V, and (dV /d?),. 
(10) Calculate a corrected (dV/dt), by procedures analogous to steps (4) and (5). 
(11) Calculate a corrected V, by a procedure analogous to step (4), using the corrected (d V//dt),. 
(12) If necessary, repeat (9)-(11) using the new V, and (dV/dé),, until successive values of V, 
dice wadbions In practice it is necessary to start with V deviating from zero by a finite 
amount (0-1 mV was used). The first few values of V, and hence the differences, were obtained as 
follows. Neglecting the changes in gg and gy, eqn. (31) is 


dt 
where g, is the resting conductance of the membrane. The solution of this equation is V = V,eut, 
where p is a solution of 
- Kp - Kg/Cy=0. (32) 


When K has been chosen, can thus be found and hence V,, etc. (V,ert, etc.). 

After several runs had been calculated, so that K was known within fairly narrow limits, time 
was saved by starting new runs not from near V =0 but from a set of values interpolated between 
corresponding points on a run which had gone towards +00 and another which had gone 
towards - ©. 

Choice of K. The value of K chosen for the first run makes no difference to the final result, but 
the nearer it is to the correct value the fewer runs will need to be evaluated. The starting value 
was found by inserting in eqn. (32) a value of » found by measuring the foot of an observed action 
potential. 

Calculation of falling phase. The procedure outlined above is satisfactory for the rising phase 
and peak of the action potential but becomes excessively tedious in the falling phase and the 
oscillations which follow the spike. A different method, which for other reasons is not applicable 
in the earlier phases, was therefore employed. The solution was continued as a membrane action 
potential, and the value of d*V/dé* calculated at each step from the differences of dV /dt. From 
these it was possible to derive an estimate of the values (denoted by z) that d*V/di* would have 
taken in a propagated action potential. The membrane solution was then re-caloulated using the 
following equation instead of eqn. (31): 

(V Va) ~ Vg) +1 (V-Vi)} +=. (33) 


This was repeated until the z’s assumed for a particular run agreed with the d*V /df*’s derived 
from the same run. When this is the case, eqn. (33) is identical with eqn. (31), the main equation 
for the propagated action potential. 
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RESULTS 

Membrane action potentials a 

Form of action potential at 6° C. Three calculated membrane action potentials, a 
with different strengths of stimulus, are shown in the upper part of Fig. 12. | 
Only one, in which the initial displacement of membrane potential was 15 mV, 
is complete ; in the other two the calculation was not carried beyond the middle 
of the falling phase because of the labour involved and because the solution 


110 


—V (mV) 


= 
oo 


—_ —» 


—V (mV) 


msec 
Fig. 12. Upper family: solutions of eqn. (26) for initial depolarizations of 90, 15, 7 and 6 mV 
(calculated for 6° C). Lower family: tracings of membrane action potentials recorded at 
6° C from axon 17. The numbers attached to the curves give the shock strength in 
mycoulomb/cm?. The vertical and horizontal scales are the same in both families (apart from 
the slight curvature indicated by the 110 mV calibration line). In this and all subsequent 
figures depolarizations (or negative displacements of V) are plotted upwards. 


had become almost identical with the 15 mV action potential, apart from the 
displacement in time. One solution for a stimulus just below threshold is also 
shown. 

The lower half of Fig. 12 shows a corresponding series of experimental 
membrane action potentials. It will be seen that the general agreement is 
good, as regards amplitude, form and time-scale. The calculated action 
potentials do, however, differ from the experimental in the following respects: 
(1) The drop during the first 0-1 msec is smaller. (2) The peaks are sharper. 
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(3) There is a small hump in the lower part of the falling phase. (4) The ending 
of the falling phase is too sharp. The extent to which these differences are the 
result of known shortcomings in our formulation will be discussed on pp. 542-3. 

The positive phase of the calculated action potential has approximately the 
correct form and duration, as may be seen from Fig. 13 in which a pair of 
curves are plotted on a slower time scale. 


~V(mvV) 


(mV) 


100mV——— 


Fig. 13. Upper curve: solution of eqn. (26) for initial depolarization of 15 mV, calculated for 
6° C. Lower curve: tracing of membrane action potential recorded at 9-1° C (axon 14). The 
vertical scales are the same in both curves (apart from curvature in the lower record). 
The horizontal scales differ by a factor appropriate to the temperature difference. 

Certain measurements of these and other calculated action potentials are 
collected in Table 4. | 

Form of action potential at 185°C. Fig. 14 shows a comparison -between 
a calculated membrane action potential at 18-5° C and an experimental one 
at 20-5° C. The same differences can be seen as at the low temperature, but, 
except for the initial drop, they are less marked. In both the calculated and the 
experimental case, the rise of temperature has greatly reduced the duration of 
the spike, the difference being more marked in the falling than in the rising 
phase (Table 4), as was shown in propagated action potentials by Hodgkin & 
Katz (1949). 

The durations of both falling phase and positive phase are reduced at the 
higher temperature by factors which are not far short of that (3-84) by which 
the rate constants of the permeability changes are raised (Q,, = 3-0). This is the 
justification for the differences in time scale between the upper and lower parts 
in Figs. 13 and 14. | 


Tasuz 4. Characteristics of calculated action potentials 
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Form of propagated action potential. Fig. 15 compares the calculated pro- 
pagated action potential, at 18-5° C, with experimental records on both fast 
and slow time bases. As in the case of the membrane action potential, the only 
differences are in certain details of the form of the spike. 

Velocity of conduction. The value of the constant K that was found to be 
needed in the equation for the propagated action potential (eqn. 31) was 
10-47 msec-1. This constant, which depends only on properties of the membrane, 


0 5 10 
msec 


_ Fig. 15. A, solution of eqn. (31) calculated for K of 10-47 msec? and temperature of 18-5° C. 


B, same solution plotted on slower time scale. C, tracing of propagated action potential on 
same vertical and horizontal scales as A. Temperature 18-5°C. D, tracing of propagated 
action potential from another axon on approximately the same vertical and horizontal scales 


as B, Temperature 19-2° C. This axon had been used for several hours; its spike was initially _ 


100 mV. 


determines the conduction velocity in conjunction with the constants of the 
nerve fibre considered as a cable. The relation is given by the definition of K 


(p. 524), from which 


where §=conduction velocity, a=radius of axis cylinder, R,=specific 
resistance of axoplasm, and C,,=capacity per unit area of membrane. 
The propagated action potential was calculated for the temperature at which 


the record C of Fig. 15 was obtained, and with the value of Cy, (1-0uF/cm?) 


that was measured on the fibre from which that record was made. Since 0, a 
and R, were also measured on that fibre, a direct comparison between calcu- 
lated and observed velocities is possible. The values of a and R, were 238» and 


35-4 Q. cm respectively. Hence the calculated conduction velocity is 


(10470 x 0-0238/2 x 35-4 x 10-*)t cm/sec = 18-8 m/sec. 
The velocity found experimentally in this fibre was 21-2 m/sec. 
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Impedance changes 
Time course of conductance change. Cole & Curtis (1939) showed that the 
impedance of the membrane fell during a spike, and that the fall was due to 
a great increase in the conductance which is in parallel with the membrane 
capacity. An effect of this kind is to be expected on our formulation, since the 


_ entry of Na* which causes the rising phase, and the loss of K+ which causes 


the falling phase, are consequent on increases in the conductance of the 
membrane to currents carried by these ions. These component conductances 
are evaluated during the calculation, and the total conductance is obtained by 


_ adding them and the constant ‘leak conductance’, g,. 
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0 12 3 4 5678910msec 
Fig. 16. A, solution of eqn. (26) for initial depolarization of 15 mV at a temperature of 6° C. The 
broken curve shows the membrane action potential in mV; the continuous curve shows the 
total membrane conductance (gx, +9 +9;) 28 @ function of time. B, records of propagated 
action potential (dotted curve) and conductance change reproduced from Cole & Curtis (1939). 
The time scales are the same in A and B. 


Fig. 16.4 shows the membrane potential and conductance in a calculated 
membrane action potential. For comparison, Fig. 16B shows superposed 
records of potential and impedance bridge output (proportional to conductance 
change), taken from Cole & Curtis’s paper. The time scale is the same in Basin A, 
and the curves have been drawn with the same peak height. It will be seen that 
the main features of Cole & Curtis’s record are reproduced in the calculated 
curve. Thus (1) the main rise in conductance begins later than the rise of 
potential; (2) the conductance does not fall to its resting value until late in 
the positive phase; and (3) the peak of the conductance change occurs at 
nearly the same time as the peak of potential. The exact time relation between 
the peaks depends on the conditions, as can be seen from Table 4. 

We chose a membrane action potential for the comparison in Fig. 16 because 
the spike duration shows that the experimental records were obtained at about 
6° C, and our propagated action potential was calculated for 18:5° C. The 
conductance during the latter is plotted together with the potential in Fig. 17. 
The same features are seen as in the membrane action potential, the delay 
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between the rise of potential and the rise of conductance being even more 
marked. 

Absolute value of peak conductance. The agreement between the height of the 
conductance peak in Fig. 16.4 and the half-amplitude of the bridge output in 
Fig. 16B is due simply to the choice of scale. Nevertheless, our calculated 
action potentials agree well with Cole & Curtis’s results in this respect. 
These authors found that the average membrane resistance at the peak of 
the impedance change was 25 Q.cm*, corresponding to a conductance of 
40 m.mho/cem*. The peak conductances in our calculated action potentials 
ranged from 31 to 53 m. I according to the conditions, as shown in 
Table 4. 


0 
0 25 


Fig. 17. of m brane conduct (g) during 
propagated action potential (- V). Details of the analysis areas in Fig. 15. — 


Components of conductance change. The manner in which the conductances 
to Nat and K* contribute to the change in total conductance is shown in 
Fig. 17 for the calculated propagated action potential, The rapid rise is due 
almost entirely to sodium conductance, but after the peak the potassium con- 
ductance takes a progressively larger share until, by the beginning of the 
positive phase, the sodium conductance has become negligible. The tail of 
raised conductance that falls away gradually during the positive phase is due 


solely to potassium conductance, the small constant leak conductance being of 
course present throughout. 


Ionic movements 
Time course of tonic currents. The time course of the components of membrane 
current carried by sodium and potassium ions during the calculated pro- 
pagated spike is shown in Fig. 18C. The total ionic current contains also 
a small contribution from ‘leak current’ which is not plotted separately. 
Two courses are open to current which is carried into the axis cylinder by 
ions crossing the membrane: it may leave the axis cylinder again by altering 
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the charge on the membrane capacity, or it may turn either way along the 
axis cylinder making a net contribution, J, to the local circuit current. The 
magnitudes of these two terms during steady propagation are—C 'u AV [dt and 
(C/K) d*V/dt* respectively, and the manner in which the ionic current is 
divided between them at the different stages of the spike is shown in Fig. 18B. 
It will be seen that the ionic current is very small until the potential is well 
sebauee sais thremacld level, which is shown by Fig. 12.4 to be about 6 mV. 


0 1 2 msec 

Fig. 18. Numerical solution of eqn. (31) showing components of membrane current during pro- 
pagated action potential. A, membrane potential (-V). B, ionic current (J,), capacity 


current ( ~ and total membrane current C, ionic current (I,), sodium 


current (I,,) and potassium current (J). Details 
of the analysis are as in Fig. 15. 


During this period the current for charging the membrane capacity comes - 


almost entirely from local circuits. The fact that the ionic current does not 
become appreciable as soon as the threshold depolarization is passed is due 
partly to the smallness of the currents reached in any circumstances near the 
threshold, and partly to the delay with which sodium conductance rises when 
the potential is lowered. 

Total movements of ions. The total entry of sodium and loss of potassium can 


be obtained by integrating the corresponding ionic currents over the whole 
34-2 
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impulse, This has been done for the four complete action potentials that we 
calculated, and the results are given in Table 5, It will be seen that the results 
at 18-56°C are in good agreement with the values found experimentally by 
Keynes (1951) and Keynes & Lewis (1951), which were obtained at com- 
parable temperatures. 

Tonic fluxes. The flux in either direction of an ion can be obtained from the 
net current and the equilibrium potential for that ion, if the independence 
principle (Hodgkin & Huxley, 1952a) is assumed to hold. Thus the outward 
flux of sodium ions is I,,/(exp (V —Vy,) F/RT—1), and the inward flux of 
potassium ions is —I,/(exp (We—V) F/RT—1). These two quantities were 
evaluated at each step of the calculated action potentials, and integrated over 
the whole impulse. The integrated flux in the opposite direction is given in 
each case by adding the total net movement. The results are given in Table 5, 
where they can be compared with the results obtained with radioactive tracers 
by Keynes (1951) on Sepia axons. It will be seen that our theory predicts too 
_ little exchange of Na and too much exchange of K during an impulse. This 
discrepancy will be discussed later. 


Refractory period 
Time course of inactivation and delayed rectification. According to our theory, 
there are two changes resulting from the depolarization during a spike which 
make the membrane unable to respond to another stimulus until a certain 
time has elapsed. These are ‘inactivation’, which reduces the level to which 


0 5 10 15 20 msec 
Fig. 19. Numerical solution of eqn. (26) for initial depolarization of 15 mV and temperature of 
6° C. Upper curve: membrane potential, as in Fig. 13. Lower curves show time course of 
9x and h during action potential and refractory period. 


the sodium conductance can be raised by a depolarization, and the delayed 
rise in potassium conductance, which tends to hold the membrane potential 
near to the equilibrium value for potassium ions. These two effects are shown 
in Fig. 19 for the calculated membrane action potential at 6° C. Both curves 
reach their normal levels again near the end of the positive phase, and finally 
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settle down after a heavily damped oscillation of small amplitude which is not 
seen in the figure. __ 


Responses to stimuli during positive phase. We calculated the responses of 


the membrane when it was suddenly depolarized by 90 mV at various times 
during the positive phase of the membrane action potential at 6° C. These are 
shown by the upper curves in Fig. 20. After the earliest stimulus the 


—V (mV) —V (mV) 


6 B 9 10\11 12msec 

Fig. 20. Theoretical basis of refractory period. Upper curves: numerical solutions of eqn. (26) for 
temperature of 6°C. Curve A gives the response to 15 myucoulomb/cm* applied instan- 
taneously at ¢=0. Curve Z gives the response to 90 myucoulomb/cm* again applied in the 
resting state. Curves B to D show effect of applying 90 mycoulomb/cm? at various times after 
curve A. Lower curves: a similar experiment with an actual nerve, temperature 9° C. The 


voltage scales are the same throughout. The time scales differ by a factor appropriate to the 
temperature difference. 


membrane potential falls again with hardly a sign of activity, and the 


membrane can be said to be in the ‘absolute refractory period’. The later — 


stimuli produce action potentials of increasing amplitude, but still smaller 
than the control; these are in the ‘relative refractory period’. Corresponding 
experimental curves are shown in the lower part of Fig. 20. The agreement is 
good, as regards both the duration of the absolute refractory period and the 
changes in shape of the spike as recovery progresses. 
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Excitation 
Oli calculations of excitation processes were all made for the case where the 
membrane potential is uniform over the whole area considered, and not for the 
case of local stimulation of a whole nerve. There were two reasons for this: 
first, that such data from the squid giant fibre as we had for comparison were 
obtained by uniform stimulation of the membrane with the long electrode; 


_ and, secondly, that calculations for the whole nerve case would have been 


extremely laborious since the main equation is then a partial differential 


equation. 


Threshold. The curves in Figs. 12 and 21 show that the theoretical 


. ‘membrane’ has a definite threshold when stimulated by a sudden displace- 
_ ment of membrane potential. Since the initial fall after the stimulus is much 
_ less marked in these than in the experimental curves, it is relevant to compare 


the lowest point reached in a just threshold curve, rather than the magnitude 
of the original displacement. In the calculated series this is about 6 mV and in 
the experimental about 8 mV. This agreement is satisfactory, especially as the 
value for the calculated series must depend critically on such things as the 
leak conductance, whose value was not very well determined experimentally. 

The agreement might have been somewhat less good if the comparison had 
been made at a higher temperature. The calculated value would have been 
much the same, but the experimental value in the series at 23° C shown in 
Fig. 8 of Hodgkin et al. (1952) is about 15 mV. However, this fibre had been 
stored for 5 hr before use and was therefore not in exactly the same state as 
those on which our measurements were based. 

Subthreshold responses. When the displacement of membrane potential was 
less than the threshold for setting up a spike, characteristic subthreshold 
responses were seen. One such response is shown in Fig. 12, while several 
are plotted on a larger scale in Fig. 21B. Fig. 214 shows for comparison 
the corresponding calculated responses of our model. The only appreciable 
differences, in the size of the initial fall and in the threshold level, have been 
mentioned already in other connexions. 

During the positive phase which follows each calculated subthreshold 
response, the potassium conductance is raised and there is a higher degree of 
‘inactivation’ than in the resting state. The threshold must therefore be 
raised in the same way as it is during the relative refractory period following 
a spike. This agrees with the experimental findings of Pumphrey, Schmitt & 
Young (1940). 

Anode break excitation. Our axons with the long electrode in place often 
gave anode break responses at the end of a period during which current was 
made to flow inward through the membrane. The corresponding response of 
out theoretical model was calculated for the case in which a current sufficient 
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to bring the membrane potential to 30 mV above the resting potential was 
suddenly stopped after passing for a time long compared with all the time- 
constants of the membrane. To do this, eqn. (26) was solved with J =0 and the 
initial conditions that V= +30 mV, and m, » and h have their steady state 
values for V = +30 mV, when t=0. The calculation was made for a temperature 


0 1 2 3 4 5 6 7 8 7 =" 
msec 
Fig. 21. A, numerical solutions of eqn. (26) for 6° C. The numbers attached to the curves give the 
initial depolarization in mV (also the quantity of charge applied in mycoulomb/cm’). 
B, response of nerve membrane at 6°C to short shocks; the numbers show the charge applied 


in mucoulomb/cm’. The curves have been replotted from records taken at low amplification 
and a relatively high time-base speed. 


of 6:3°C. A spike resulted, and the time course of membrane potential is 
plotted in Fig. 224A. A tracing of an experimental anode break response is 
shown in Fig. 22B; the temperature is 18-5° C, no record near 6° being avail- 
able. It will be seen that there is good general agreement. (The oscillations 
after the positive phase in Fig. 22B are exceptionally large; the response of 
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this axon to a small constant current was also ey oscillatory as shown 
in Fig. 23.) 

The basis of the anode break excitation is that anodal polarization decreases 
the potassium conductance and removes inactivation. These effects persist for 
an appreciable time so that the membrane potential reaches its resting value 
with a reduced outward potassium current and an increased inward sodium 
eurrent. The total ionic current is therefore inward at V =0 and the membrane 
undergoes a depolarization which rapidly becomes regenerative. 


—V (mV) 


Bi 
| 


Fig. 22. Theoretical basis of anode break excitation. A, numerical solution of eqn. (26) for 
boundary condition - V = -30 mV for ¢<0; temperature 6° C. B, anode break excitation 
following sudden cessation of external current which had raised the membrane potential by 
26-5 mV; giant axon with long electrode at 18-5° C. Time scales differ by a factor appropriate 
to the temperature difference. 


Accommodation. No measurements of accommodation were made nor did we 
make any corresponding calculations for our model. It is clear, however, that 
the model will show ‘accommodation’ in appropriate cases. This may be 
shown in two ways. First, during the passage of a constant cathodal current 
through the membrane, the potassium conductance and the degree of inactiva- 
tion will rise, both factors raising the threshold. Secondly, the steady state 
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ionic current at all strengths of depolarization is outward (Fig. 11), so that an 
applied cathodal current which rises sufficiently slowly will never evoke a 
regenerative response from the membrane, and excitation will not occur. 


Oscillations | 
In all the calculated action potentials and subthreshold responses the 


membrane potential finally returns to its resting value with a heavily damped - 


oscillation. This is well seen after subthreshold stimuli in Figs. 21 A and 24, 
but the action potentials are not plotted on a slow enough time base or with 
a large enough vertical scale to show the oscillations which follow the positive 
hase. 

a The corresponding oscillatory behaviour of the real nerve could be seen after 
a spike or a subthreshold short shock, but was best studied by passing a small 
constant current through the membrane and recording the changes of 
membrane potential that resulted. The current was supplied by the long 
internal electrode so that the whole area of membrane was subjected to 
a uniform current density. It was found that when the current was very weak 
the potential changes resulting from inward current (anodal) were almost 
exactly similar to those resulting from an equal outward current, but with 
opposite sign. This is shown in Fig. 23B and C, where the potential changes 
are about +1 mV. This symmetry with weak currents is to be expected from 
our equations, since they can be reduced to a linear form when the displace- 
ments of all the variables from their resting values are small. Thus, neglecting 
products, squares and higher powers of 5V, 5m, 5n and 5h, the deviations of V, 
m, n and h from their resting values (0, m), m) and h, respectively), eqn. (26) 
(p. 518) becomes 


— 3G (35) 
Similarly, eqn. (7) (p. 518) becomes 


din 


or 


where p represents d/dt, the operation of differentiating with respect to 
time. 

The quantity dn can be eliminated between eqns. (35) and (36). This process 
is repeated for dm and 8h, yielding a fourth-order linear differential equation 
with constant coefficients for 5V. This can be solved by standard methods for 
any particular time course of the applied current density 51. 
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_ Fig. 23.4 shows the response of the membrane to a constant current pulse 
calculated in this way. The constants in the equations are chosen to be 
appropriate to a temperature of 18-5° C so as to make the result comparable 
with the tracings of experimental records shown in B and C. It will be seen 
that the calculated curve agrees well with the records in B, while those in C, 
obtained from another axon, are much less heavily damped and show a higher 


5 10 15 20 25 msec 


Fig. 23. A, solution of eqn. (35) for small constant current pulse; temperature 18-5° C; linear 
approximation. The curve shows 5V/5J (plotted upwards) as a function of time. B, changes 
in membrane potential associated with application of weak constant currents of duration 
15 msec and strength +1-49yA/om*. B,, cathodic current; B,, anodic current. Depolariza- 
tion is shown upward. Temperature 19° C. C, similar records from another fibre enlarged to 
have same time scale. Current strengths are + 0-55 »A/cm*. Temperature 18° C. The response 
is unusually oscillatory. 


frequency of oscillation. A fair degree of variability is to be expected in these 
respects since both frequency and damping depend on the values of the com- 
ponents of the resting conductance. Of these, gy, and gx depend critically on 
the resting potential, while J, is very variable from one fibre to another. 
Both theory and experiment indicate a greater degree of oscillatory behaviour 
than is usually seen in a cephalopod nerve in a medium of normal ionic com- 
position. We believe that this is largely a direct result of using the long internal 
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electrode. If current is applied to a whole nerve through a point electrode, 
neighbouring points on the membrane will have different membrane potentials 
and the resulting currents in the axis cylinder will increase the damping. 
The linear solution for the behaviour of the theoretical membrane at small 
displacements provided a convenient check on our step-by-step numerical 
procedure. The response of the membrane at 6-3° C to a small short shock was 
calculated by this means and compared with the step-by-step solution for an 
initial depolarization of the membrane by 2 mV. The results are plotted in 


Fig. 24. The agreement is very close, the step-by-step solution deviating in the | 


direction that would be expected to result from its finite amplitude (cf. Fig. 21). 


i 
5 15 
msec 
Fig. 24. Comparison of step-by-step solution and linear approximation. Eqn. (26), temperature 
C; initial displacement of - V=2 mV. Continuous line: step-by-step solution. Circles: 
linear approximation with same initial displacement. 


As pointed out by Cole (1941), the process underlying oscillations in 
membrane potential must be closely connected with the inductive reactance 
observed with alternating currents. In our theoretical model the inductance is 
due partly to the inactivation process and partly to the change in potassium 
conductance, the latter being somewhat more important. For small displace- 
ments of the resting potential the variations in potassium current in 1 cm? of 
membrane are identical with those in a circuit containing a resistance of 820 Q 
in series with an inductance which is shunted by a resistance of 1900 Q. The 
value of the inductance is 0:39H at 25°C, which is of the same order as the 
0-2H found by Cole & Baker (1941). The calculated inductance increases 
3-fold for a 10° C fall in temperature and decreases rapidly as the membrane 
potential is increased; it disappears at the potassium potential and is replaced 
by a capacity for > EF. | 


DISCUSSION | 
The results presented here show that the equations derived in Part II of this 
paper predict with fair accuracy many of the electrical properties of the squid 
giant axon: the form, duration and amplitude of spike, both ‘membrane’ 
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and propagated; the conduction velocity; the impedance changes during the 
spike; the refractory period; ionic exchanges; subthreshold responses; and 
oscillations. In addition, they account at least qualitatively for many of the 
phenomena of excitation, including anode break excitation and accommoda- 
tion. This is a satisfactory degree of agreement, since the equations and 
constants were derived entirely from ‘voltage clamp’ records, without any 
adjustment to make them fit the phenomena to which they were subsequently 
applied. Indeed any such adjustment would be extremely difficult, because 


_ in most cases it is impossible to tell in advance what effect a given change in 


one of the equations will have on the final solution. 
The agreement must not be taken as evidence that our equations are any- 


» thing more than an empirical description of the time-course of the changes in 


permeability to sodium and potassium. An equally satisfactory description of 


_ the voltage clamp data could no doubt have been achieved with equations of 


very different form, which would probably have been equally successful in 
predicting the electrical behaviour of the membrane. It was pointed out in 
Part II of this paper that certain features of our equations were capable of 


a physical interpretation, but the success of the equations is no evidence in 


favour of the mechanism of permeability change that we tentatively had in 
mind when formulating them. 

The point that we do consider to be established is that fairly simple perme- 
ability changes in response to alterations in membrane potential, of the kind 
deduced from the voltage clamp results, are a sufficient explanation of the 


wide range of phenomena that have been fitted by solutions of the equations. 


Range of applicability of the equations 

The range of phenomena to which our equations are relevant is limited in 
two respects: in the first place, they cover only the short-term responses of the 
membrane, and in the second, they apply in their present form only to the 
isolated squid giant axon. 

Slow changes. A nerve fibre whose membrane was described by our equations 
would run down gradually, since even in the resting state potassium leaves and 
sodium enters the axis cylinder, and both processes are accelerated by activity. 
This is no defect in describing the isolated squid giant axon, which does in fact 
run down in this way, but some additional process must take place in a nerve 
in the living animal to maintain the ionic gradients which are the immediate 
source of the energy used in impulse conduction. 

After-potentials. Our equations give no account of after-potentials, apart 
from the positive phase and subsequent oscillations. 

Conditions of isolated giant axon. There are many reasons for supposing that 
the resting potential of the squid giant axon is considerably lower after isola- 
tion than when it is intact in the living animal. Further evidence for this view 
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is provided by the observation (Hodgkin & Huxley, 1952c) that the maximum 
inward current that the membrane can pass on depolarization is increased by 
previously raising the resting potential by 10-20 mV by means of anodally 
directed current. Our equations could easily be modified to increase the resting 
potential (e.g. by reducing the leak conductance and adding a small outward 
current representing metabolic extrusion of sodium ions). We have not made 
any calculations for such a case, but certain qualitative results are evident 
from inspection of other solutions. If, for instance, the resting potential were 
raised (by 12 mV) to the potassium potential, the positive phase and sub- 
sequent oscillations after the spike would disappear, the rate of rise of the 
spike would be increased, the exchange of internal and external sodium in 
a spike would be increased, the membrane would not be oscillatory unless 
depolarized, and accommodation and the tendency to give anode break 
responses would be greatly reduced. Several of these phenomena have been 
observed when the resting potential of frog nerve is raised (Lorente de Né, 
1947), but no irae information exists about the squid = 
axon. 
| Applicability to other tissues. The similarity of the effects of disnging the 
concentrations of sodium and potassium on the resting and action potentials 
of many excitable tissues (Hodgkin, 1951) suggests that the basic mechanism 
of conduction may be the same as implied by our equations, but the great 
differences in the shape of action potentials show that even if equations of 
the same form as ours are applicable in other cases, some at least of the 
sienna must have very different values. 


Differences between calculated and observed behaviour 

In the Results section, a number of points were noted on which the calcu- 
lated behaviour of our model did not agree with the experimental results. We 
shall now discuss the extent to which these discrepancies can be attributed to 
known shortcomings in our equations. Two such shortcomings were pointed 
out in Part II of this paper, and were accepted for the sake of keeping the 
equations simple. One was that the membrane capacity was assumed to 
behave as a ‘perfect’ condenser (phase angle 90°; p. 505), and the other was 
that the equations governing the potassium conductance do not give as much 
delay in the conductance rise on depolarization (e.g. to the sodium potential) 
as was observed in voltage clamps (p. 509). 

The assumption of a perfect capacity probably accounts for the fact that 
the initial fall in potential after application of a short shock is much less 
marked in the calculated than in the experimental curves (Figs. 12 and 21). 
Some of the initial drop in the experimental curves may also be due to end- 


effects, the guard system being designed for the voltage _ Lies but 
not for stimulation by short shocks. 
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The inadequacy of the delay in the rise of potassium conductance has several 
effects. In the first place the falling phase of the spike develops too early, 
reducing the spike amplitude slightly and making the peak too pointed in 
shape (p. 525). In the membrane action potentials these effects become more 
marked the smaller the stimulus, since the potassium conductance begins to 
rise during the latent period. This causes the spike amplitude to decrease 
more in the calculated than in the experimental curves (Fig. 12). 

The low calculated value for the exchange of internal and external sodium 
ions is probably due to this cause. Most of the sodium exchange occurs near 
the peak of the spike, when the potential is close to the sodium potential. The 
early rise of potassium conductance prevents the potential from getting as close 


_ tothe sodium potential, and from staying there for as long a time, as it should. 


A check on these points is provided by the ‘anode break’ action potential. 
Until the break of the applied current, the quantity n has the steady state 
value appropriate to V = +30 mV, i.e. it is much smaller than in the usual 
resting condition. This greatly increases the delay in the rise of potassium 
conductance when the membrane is depolarized. It was found that the spike 
height was greater (Table 4), the peak was more rounded, and the exchange 
of internal and external sodium was greater (Table 5), than in an action 
potential which followed a cathodal short shock. 

_ The other important respect in which the model results disagreed with the 


experimental was that the calculated exchange of internal and external 


potassium ions per impulse was too large. This exchange took place largely 
during the positive phase, when the potential is close to the potassium potential 
and the potassium conductance is still fairly high. We have no satisfactory 
explanation for this discrepancy, but it is probably connected with the fact 
that the value of the potassium potential was less strongly affected by changes 
in external potassium concentration than is required by the Nernst equation. 


SUMMARY 

1. The voltage clamp data obtained previously are used to find equations 
which describe the changes in sodium and potassium conductance associated 
with an alteration of membrane potential. The parameters in these equations 
were determined by fitting solutions to the experimental curves relating 
sodium or potassium conductance to time at various membrane potentials. 

2. The equations, given on pp. 518-19, were used to predict the quantitative 
behaviour of a model nerve under a variety of conditions which corresponded 
to those in actual experiments. Good agreement was obtained in the following 
cases: 

(a) The form, ischiiaie sil threshold of an action potential under zero 
membrane current at two temperatures. 

(6) The form, amplitude and velocity of a propagated action potential. 
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(c) The form and amplitude of the impedance changes associated with an 
action potential. 

(d) The total inward movement of sodium ions and the total outward 
movement of potassium ions associated with an impulse. 

(e) The threshold and response during the refractory period. 

(f) The existence and form of subthreshold responses. 

(g) The existence and form of an anode break response. 

(h) The properties of the subthreshold oscillations seen in cephalopod axons. 

3. The theory also predicts that a direct current will not excite if it rises 
sufficiently slowly. 

4. Of the minor defects the only one for which there is no fairly simple _ 
explanation is that the calculated exchange of potassium ions is higher than . 
that found in Sepia axons. 

5. It is concluded that the responses of an isolated giant axon of Loligo to 
electrical stimuli are due to reversible alterations in sodium and potassium 
permeability arising from changes in membrane potential. 
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A method of investigating the effects of close arterial injections 
on spinal cord activity. By W. Frtpsere, J. A. B. Gray and 
W. L. M. Perry. National Institute for Medical Research, Mill Hil, 
N.W.7 


This technique was developed in order to investigate the effects of acetylcholine 
and other substances on the activity of the spinal cord, when given by close 
arterial injection. This enables relatively high local concentrations to be 
reached without using doses which produce pronounced systemic effects. 


Ventral rootlets of ¢ — Vertebral artery 


Fig. 1. Diagram of exposed cervical cord: a, screw forcep tips; 
b, branches tied; c, edge of cord. 

The arterial supply of the spinal cord lies on its ventral surface and is easily 
accessible only in the high cervical region, where it can be approached through 
the anterior atlanto-occipital membrane and the thin bodies of the atlas and 
cranial part of the axis. This approach exposes the vertebral, basilar and 
anterior spinal arteries. The disadvantage of using this region is that the ventral 
roots of C1 are short and small and that there are few afferents to the segment. 

The head and neck of the cat are clamped rigidly. The upper parts of the 

. trachea and oesophagus are extirpated, a tracheal cannula being inserted low. 
The exposed prevertebral muscles are removed after the nerve branches of C1 
supplying them have been dissected out. Lengths of C2 are prepared and cut 


peripherally; C3 is divided to prevent neck movements during stimulation. 
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The atlanto-occipital membrane is opened by the usual method of dividing 
strand by strand with a cutting needle. If necessary, the head is raised and the 
carotids clamped to stop bleeding. The occipital bone up to the bullae ossiae, 
the arch of the atlas, the odontoid peg and upper part of the body of the axis 
are removed. On opening the dura mater, the cervical cord is exposed, as 
shown in the figure. Thereafter the cord is kept covered with liquid paraffin. 

Using a dissecting microscope, the basilar artery is freed from the arachnoid 
and pia mater. Fine silk threads are passed underneath, as illustrated, and the 
branches marked (5) tied off. The first cervical ventral root is divided where it 
leaves the spinal canal and small strands prepared for recording. Finally 
a 26 gauge needle cannula is inserted into the basilar artery, the artery being 
clamped meanwhile with screw forceps at the point marked (a). The cannula is 

then clamped rigidly to the frame. 


During recording from the ventral roots, cerebro-spinal fluid is removed — 


continuously by suction. 


The technique of recording from the isolated mammalian ganglion. 
By Rosamonp M. Eccies 


Preparation of conductivity water. By 8. Jacoss 


Assay of enteramine and substance P on intestinal preparations. 
By C. C, Ton 


The effect of ganglionic blocking drugs on the cat’s ciliary 
ganglion. By W. L. M. Perry and J. TaLesnix 


The assay of ACTH on the thymus of the nestling rat. 
By H. M. Bruog, A. 8. Parkes and W. L. M. Perry 


The hypothermic action of ACTH. By W. W. Dovatas 
and W. D. M. Paton 


ie care of experimental animals. By A. 8. Parxes, D. J. SHort 
and C. D. Surron. (Film) 


The effects of drugs upon neuromuscular transmission in the 
spinal guinea-pig. By R. A. Haut and M. W. Parkes 


Species differences in response to neuromuscular blocking 
substances. By E. J. Zamis 
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Histamine recovery in the rat’s and dog’s skin. By W. Fz.pprre and 
J. Tatesntk. National Institute for Medical Research, Mill Hill, N.W.17 


The possibility of depleting a tissue of its histamine by application of a 
histamine liberator provides a method of studying the rate of recovery of 
histamine. This method was applied to the skin of rats and dogs, and it was 
found that the rate of recovery was slow. 

In rats a skin area on the abdomen was nearly depleted of its histamine by 
a subcutaneous injection of 0-5 mg of the histamine liberator compound 48/80 
in 1 ml. saline solution. The normal histamine content of this skin region was 
found to be 34yg/g (average value). It fell after the injection to about 


_ 3yg/g, rose during the subsequent 10 days to less than 10 rele, and was still 


under 25 ug/g 30 days after the injection. 

In dogs compound 48/80 (0-5 mg in 0-5 ml.) was injected into the saphenous 
artery of one leg, in aseptic conditions under pentothal anaesthesia, and the 
histamine content from the injected skin area compared with that from 
a corresponding area of the other hind leg. Normally the histamine content of 
such corresponding areas is practically the same; it varies in individual dogs 
between 4 and 16yug/g. Compound 48/80 produced in the injected skin area 
a depletion of about 85% of the histamine, which remained at this low value 
for at least 11 days. 

The slow recovery of histamine may suggest (1) that the restoration is not 
into the depleted cells but a sign of newly formed cells, and (2) that in the skin 
histamine plays no role in purely ‘physiological’ regulations, vascular or 
others. If we assume that the release of histamine is the first defence mecha- 
nism of the skin against injury (Lewis, 1927), this could mean that a cell, once 
it has lost its histamine store, is unable to participate again in this defence 
mechanism, and in this respect has become defenceless against further injury. 
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Histamine release from skin by horse serum. By W. Fe.pperc and 
M. Scuacuter. National Institute for Medical Research, Mill Hill, N.W.7 


Experiments on isolated. skin preparations have shown that horse serum 
releases histamine in dogs only after previous sensitization of the animal, but 
that the cat exhibits a primary serum sensitivity in this respect. The method 
of skin perfusion was as that described for the cat (Feldberg & Paton, 1951). 

Dog’s skin. Horse serum injected (0-5 ml. 50%) or infused (2%) into an 
isolated dog’s skin preparation releases histamine only in previously serum- 


sensitized dogs. The amounts released increased with the first few injections, 
a2 
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and resulted in a reduction, varying from 3 to 43%, of the histamine of the 
perfused skin. The release from the skin could not be increased when its blood 
circulation was maintained. This was shown by comparing the release of 
histamine from skin preparations of both legs, one preparation perfused with 
Locke solution, the other having its blood supply intact. In this respect the 
skin differs from liver and lung of sensitized animals. Rocha e Silva and his 
collaborators (Roche e Silva, Bier & Aronson, 1951; Roche e Silva, Scroggie, 
Fidler & Jaques, 1947) have shown that in these organs the release of 
histamine is increased by the presence of blood. It was not possible to deplete 
the sensitized skin of its histamine with serum, as it was with the histamine 
liberator compound 48/80. Further, unlike serum, successive injections of 
small doses of compound 48/80 (5-10 yg) released progressively less histamine. 

_Cat’s. skin, Horse serum was able to release large amounts of histamine 
from the skin preparation of cats not previously sensitized. Horse serum lost 
this ability after boiling and, in addition, injection of boiled serum prevented 
the release from a subsequent injection of normal serum but not of compound 
48/80. 

It was also found that intravenous injection of 5 ml./kg hotse serum into 
anaesthetized cats increased the plasma histamine. The depressor effect of 
serum in vagotomized cats can therefore, at least partially, be attributed to 
release of histamine. | 
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Pain-producing substances in blister fluid and in serum. By 
Destr&e Armstrona, R. M. L. Dry, C. A. and J. W. 
> gage of Pharmacology, Middlesex Hospital Medical School, London, 

We have recently been studying the effects of certain chemical substances on 

the production of cutaneous pain in man, using the technique which we 

demonstrated to the Physiological Society at Aberdeen in September 1951. 

Briefly, this involves raising a small blister on the skin of the forearm by means 

of a cantharidin plaster, removing the raised epidermis and then applying the 


- solutions to be tested to the exposed blister base. 


In the course of this work we found that reapplication of the blister fluid 
produced pain, in 15/17 experiments on five subjects, when the fluid was applied 
within 1 hr of aspiration. If the fluid was kept at room temperature for more 
than 1 hr pain was not elicited in 10/10 experiments on five subjects. In all 
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this work the sensitivity of the blister area was tested at frequent intervals by 
recording the responses to solutions of acetylcholine. Applications of Ringer- 
Locke solution always gave negative responses. 

. We then found that although applications of fresh heparinized blood or 
sind had no effect, normal human serum produced pain which usually lasted 
for several minutes. As with blister fluid, this pain never occurred without 
a latent period of 10-45 sec, whereas with most pain-producing substances, 
such as acetylcholine, the action is immediate. Although fresh heparinized 
plasma was inactive, plasma which had been stored in the refrigerator for 
24 hr caused pain. Reconstituted dried serum was as active as fresh serum. 

Serum differs from blister fluid in _ its pain-producing agent is stable for 


at least several days. 


In attempting to identify the active agents in blister fluid and serum we can 
exclude the following: 

(1) Acetylcholine. The time-course of action of acetylcholine is secite 
different. Its action begins at once and usually lasts about 15-20 sec. 

(2) Histamine. Serum causes some pallor of the blister base with no weal, 
flare or itching. Histamine in 10~ concentration may cause pain (immediate) 
but weal and flare are very marked, as also is itching. 

(3) Salt concentration and pH. Potassium and NaCl concentrations, and pH 
of blister fluid and serum were normal. 

The active agent in serum is heat stable, dialysable and unaffected by 24 * 
exposure to of 1°5 or 10 


Reflex interaction of synergic extensor muscles of the cat hind limb. 
By T. D. M. Roserts. Institute of Physiology, University of Glasgow 


It has often been implied that a stretch applied to one head of an extensor will 
not evoke a reflex contraction in other heads of that muscle or in synergic 
muscles (Fulton 1949, and other text-books). This view receives support from 
Lloyd’s observations on the restricted nature of the ssid reflex arc 
(Lloyd, 1943). 

By electrical recording from the exposed crureus or ‘soleus muscles of 
a decerebrate cat it has been possible to show a discharge arising with 
comparatively long latency in these muscles while synergic muscles were 
independently subjected to stretch. In order to demonstrate the effect it is 
usually necessary to ‘preset’ the test muscle by stretching it slightly, until 
‘those muscle units in contact with the electrodes just do not discharge on their 
own. The synergic muscle is then stretched and the test muscle also fires. 
‘(Mechanical interaction is excluded.) | 
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The effect has been observed in crureus on stretching either rectus femoris 
(Fig. 1) or vastus medialis or vastus lateralis, and in soleus on stretching 
gastrocnemius. 

The dependence of the effect upon pre-existing stretch as well as on 
impulses from the stretched synergist, together with the comparatively long 


to rectus femoris. The stretching (7-7 mm in all) is indicated by the movement of the base- 
line of the record from rectus femoris. In (a) the degree of ‘preset’ extension in crureus is 
slightly less than in (b) where a single unit of crureus, previously silent, begins to discharge 
about 0-9 sec after the onset of the stretch response in rectus femoris. , 


latency, suggests that the reflex path may involve the ‘small-nerve’ innerva- 
tion to the muscle spindles of the test muscle (Hunt & Kuffler, 1951). Experi- 
ments designed to test this hypothesis are now in progress, and their results 
will be reported in a separate communication. | 

I am indebted to Dr I. A. Trt 


for the Universities of Scotland and the Rankin Research Fund of the University of Glasgow for 
grants towards the cost of apparatus and materials. 
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Skin resistance changes after sympathectomy. By A. H. Ratcuirre 


Penetration of “P and “Na into nervous tissues of the rabbit. By 


J. B. Brrertey. Department of Neuropathology, Institute of Psychiatry, 
Maudsley Hosyital, London, S.E. 5 


The effects of (a) aseptic section of the mintin nerve (48 hr previously), 
(6) faradic stimulation of the nerve and (c) pyramidal tract stimulation 
{electrodes in midbrain or upper spinal cord) upon the entry of phosphate or 
sodium into the nervous system were studied. Rabbits anaesthetized with 
pentobarbitone were given phosphate (30-75 yc/kg) or sodium (100-120 yc/kg) 
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intravenously and were exsanguinated after 10 min for *2P and 30 min for the 
*4Na experiments. The radioactivity of the blood at zero time was obtained 
by extrapolation of the curve giving the log of the blood counts against time. 
The radioactivity of the tissues was determined on trichloroacetic acid extracts 
for **P and saline homogenates for Na and expressed as 1000 x counts/min/ 
100 mg tissue + counts/min/100 mg blood at zero time. Litter-mates were used 
throughout for comparing experimental and control animals. __ 

Normal controls. **Na. If the radioactivity of cerebral cortical tissue =1, 
then spinal ganglia=5-4, sciatic nerve=3-9, spinal cord=0-9 and medulla 
=1-15. Corresponding values for **P have been reported previously (Brierley, 
1952). 

Sciatic nerve section. **P only. The nerve was cut at the midpoint of either 
the lower half (one litter) or upper half (three litters). Using four litters . 
(twenty-one animals) there were always significant increases of 9-104 % in the 
ipsilateral root ganglia; in one litter (six animals) there were significant 
increases of 15-20% in the spinal cord. The activity of the nerve segment 
distal to the cut was always greater than that of the proximal segment. _ 

Faradic stimulation of the nerve. (A) **P. Using one litter of six animals 
there was a significant increase of 11-53% in the ipsilateral root ganglia but 
no change in the spinal cord. The stimulated part of the nerve showed higher 
activity than that of the corresponding part of the contralateral nerve. 
(B) *Na. Using two litters (ten animals) there were significant increases of 
6-54 °% in the ipsilateral root ganglia, of 18-29% in the spinal cord and of 
28-54 % in the sciatic nerve (assayed im toto). These results extend the previous 
observations of Euler, Euler & Hevesy (1946) on the cat. 

Pyramidal stimulation. (A) *P. Using three litters (sixteen animals) there 
were significant increases of 34-91% in the spinal cord. (B) Na. In two 
_ litters of eight animals there were significant increases of 6-53 % in the spinal 
cord. 

These results are interpreted as due to an increased penetration of phosphate 
and sodium into the extracellular fluid of nervous tissue under the various 
experimental conditions, probably consequent upon a local vasodilatation or 
increased capillary permeability or both. These changes may be related to the 
increased blood flow shown to be associated with local neural activity (Gerard & 


Serota, 1936). 
REFERENCES 


Brierley, J. B. (1952). J. Physiol. 116, 24 P. 
Euler, H. v., Euler, U. 8. v. & Hevesy, G. (1946). Acta physiol. scand. 12, 261. 
Gerard, R. W. & Serota, H. (1936). Amer. J. Physiol. 116, 59. 


j 
4 
¥ 
aa 
au 
6 
reg 
iy. 
q 
4 
a 
4 
279 
i 
4 
at 
P 
at 


8P PROCEEDINGS OF THE PHYSIOLOGICAL 


Synaptic excitation and inhibition. By L. G. Brock, J. 8. Coomss 
and J.C. Ecotzs. Physiology Departments, University of Otago, Dunedin, 
and Australian National University, Canberra. 

As recorded between an intracellular electrode and an indifferent external 
electrode, the resting and spike potentials of cat’s motoneurones are about 
70 and 95 mV respectively (cf. Brock, Coombs & Eccles, 1951). Subliminal 
monosynaptic excitation by a volley in the large group I afferent fibres 
(group Ia) causes a more prolonged potential change (the synaptic potential) 
in the same direction as the spike. There is an initial brief depolarizing process, 
a maximum effect being attained within a millisecond, and then a slower, 
approximately exponential, recharging of the membrane to the resting 
potential. This latter phase has a half-time of about 3 msec, and resembles 
a catelectrotonus in that no trace of it remains after an impulse has propagated 
over the neuronal surface. At a critical level of depolarization (usually about 
10 mV), which may be attained by spatial or temporal summation, the 
synaptic potential generates a spike potential. The facilitatory action produced 
by @ monosynaptic excitatory volley decays exponentially with a half-time of 
about 2-8 msec (Lloyd, 1946); hence it is satisfactorily explained by summation 
of the testing synaptic potential with the decaying remainder of the conditioning 
synaptic potential. Thus the time constant of the facilitation curve is to be 
identified with the electric time constant of the neuronal membrane. 

On the other hand, a monosynaptic inhibitory volley (in the group Ia 
fibres of an antagonist muscle) causes a hyperpolarization of the motoneurone 
which runs a time course similar to the excitatory depolarization, but which 
is usually no larger than 2 mV. It appears that the inhibitory effect is attribu- 
table to this hyperpolarization, which would directly counteract the depolariza- 
tion produced by the excitatory synaptic action. Again the time course of 
decay of the hyperpolarization would be attributable to the electric time 
constant of the neuronal membrane. Thus the similarity of the rates of decay 
for the facilitatory and inhibitory curves (Lloyd, 1946) would derive from 
their common relationship to the electric time constant of the neuronal 
membrane. 

It is not possible to explain the over-all hyperpolarization of motoneurones 
by any known response of the nerve membrane to applied electric currents; 
hence an electrical explanation of inhibitory synaptic action seems to be 
precluded. Presumably inhibition is caused by a specific chemical mediator 
which probably acts by greatly increasing the net outward flux of cations. 
It seems probable therefore that synaptic excitatory action is also attributable 
to a chemical transmitter which causes a net inward flux of cations. 


REFERENCES 
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The utilization of acetylcholine during the discharge of Electro- 
phorus electricus. By C. Cuacas, H. M. Ferrera and L. Sottero 


Complex wave patterns from the electric lobe of Torpedo 
marmorata. By D. P. Buser and A. Fessarp 


Electromyographic studies of the leg muscles in posture. 
By J. Josep and A. NIGHTINGALE 


Comparison of visceromotor reflexes in decerebrated and acute 
spinal cats. By C. B. B. Downman. Sherrington School of Physiology, 
St Thomas’s Hospital, London 


In decerebrated cats, paralysed with pD-tubocurarine, centripetal volleys set 
up by single shock stimulation of a splanchnic nerve evoke a reflex discharge 
into an intercostal nerve, followed by bursts of after-discharge. Centripetal 
- volleys in a neighbouring intercostal nerve have a similar effect. The afferent 
splanchnic volleys potentiate the discharge evoked by a later afferent inter- 
costal volley, and vice versa, even when each volley alone is below the threshold 
of reflex firing. After transecting the spinal cord in the second cervical segment 
the reflex discharges due to afferent volleys in splanchnic or intercostal nerves 
are increased but, instead of potentiating, splanchnic afferent volleys now 
depress the discharge due to a later afferent intercostal volley, and vice versa. 
Pinching a limb has a weak inhibitory action on the reflex discharges of 
splanchnic or intercostal origin in both preparations. 


The utilization of “C-labelled amino-acids by the isolated 
mammalian heart. By KE. W. Cuarxe and B.C. Depart- 
ment of Physiology, The University of Sheffield 

Previous work has suggested that although the frog heart is able to utilize 

amino-acids, this capacity is not shared by the mammalian heart. 

In the experiments presented in this paper, the utilization of “C-carboxy]- 
labelled amino-acids by the guinea-pig heart was investigated using a simplified 
heart-oxygenator preparation previously described by Clarke (1951). The 
amino-acids used (alanine, leucine, valine and glutamic acid) were synthesized 
from K“ON by a method similar to that of Frantz, Loftfield & Miller (1947). 
An ion-exchange column was employed for the initial purification, and final 
purification obtained by paper partition chromatography. For this purpose 
about 1 mg of the partially purified product was run on a paper strip in 
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butanol-acetic acid-water solvent. After drying, the amino-acid spot was 
identified under ultra-violet light, cut out, and eluted with water. The eluate, 
with unlabelled amino-acid added, was used for the experiments. 

Results are based on the amounts of radioactive carbon appearing in the 
respiratory CO,, and are expressed as micromoles of amino-acid decarboxylated 
per gram of heart per hour. The table gives the results of two experiments 
with each amino-acid, and for comparison corresponding values for a readily 
metabolized substance, sodium acetate, are included. 

Amounts of various amino-acids, expressed in micromoles decarboxylated/g 
heart (wet weight)/hr by the guinea-pig heart 


Alanine Leucine Valine Glutamic acid Sodium acetate 
8-4 7-8 6-7 1-8 | 80-2 
11-0 10-3 6-3 762 

REFERENCES 


Clarke, E. W. (1951). J. Physiol. 115, 7P. 
Frantz, I. D., Loftfield, R. B. & Miller, W. W. (1947). Science, 106, 544. 


Changes in the flow of lymph and in the secretion of urine due 
to the carotid sinus reflex. By A. B. L. BeznAx* and G. Liz- 
STRAND. Department of Pharmacology, Karolinska Institutet, Stockholm 


The flow of lymph in the left and right thoracic ducts, the flow of urine in one 
of the ureters and the blood pressure in the femoral artery were recorded 
before, during and after clamping of both common carotid arteries for 
2-3 min. The flows were recorded by marking, with an electromagnetic signal, 
the passage of fluid, in a horizontal pipette connected to the ducts with 
a cannula. Fourteen cats and a dog under chloralose anaesthesia were used. 
In cats, clamping of both carotids caused (1) an initial, small, irregular increase, 
followed by a regular decrease (approximately 40%) in the flow of lymph in 
the left duct; (2) little or no change in the flow of lymph in the right duct; 
(3) a regular increase in the secretion of urine, in addition to the characteristic 
elevation of the arterial blood pressure. In the dog a similar though smaller 
diminution in the flow of the left duct was found. Complete denervation of 
the sinus region abolished both blood pressure and lymphatic responses. 
Exclusion of the adrenals in two of three animals was followed by symptoms of 
central fatigue, i.e. by a drop in the blood pressure or an increase in the Mayer 
waves; in these animals the response of the flow of lymph to the clamping 
was absent. In the third animal exclusion of the adrenals was not followed 
by a great drop in the arterial blood pressure and the response of the flow of 
lymph remained. There was no regular correlation between the changes in the 
* On leave from the Department of Physiology, Birmingham University. 
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secretion of urine and flow of lymph; the reduction in the latter cannot there- 
fore be due to an increased colloid osmotic pressure of the blood caused by the 
increase in the secretion of urine. 50 yg epinephrine, injected intravenously, 
imitates faithfully the effect of clamping on both the blood pressure and flow 
of lymph in the left duct, whilst it causes an increased lymph flow from the 
right duct. It is concluded that such alterations in the movements of body 
fluids as described above are regular concomitant parts of the sinus reflex. 
They are brought about primarily by the vasoconstriction of the arterioles 
caused by the sinus reflex modified in the splanchnic area, in the chest organs, 
and in the kidneys by the local haemodynamic traits of these three vascular 
beds. 


-The blood supply of the carotid body. By D. Cxuunecuarogn, 
M. pE Buren Daty and A. Scuweirzer. Department of Physiology, 
University College, London | 


The arterial blood supply and venous drainage of the carotid body have been 
studied in cats, dogs and rabbits by injecting hycar latex or Indian ink- 
thrombin preparations into the vascular system. The injections were carried 
out through the thoracic aorta or the common carotid arteries at pressures 
varying from 120 to 200 mm Hg. With pressures of 120 mm Hg for Indian ink 
or of greater than 150 mm Hg for hycar, the materials passed through the 
carotid body into the venous channels draining it. | 

In a high proportion of cats studied, the carotid bodies were situated on 
the common trunk from which the occipital and ascending pharyngeal | 
arteries originated. They were supplied by two branches arising from the 
artery to which they were attached. Occasionally, they received a branch 
from the occipital artery. The arteries entered the carotid bodies through the 
surface which was in contact with the parent vessel. A fine venous plexus 
originating from the carotid body was observed on its outer surface and 
drained into three or four larger veins which joined the internal and external 
jugular veins. 

In the dog, the arterial blood supply to the carotid body was more variable. 
Three main patterns were found: three or four branches arose from the occipital _ 
and external carotid, from the ascending pharyngeal alone, or from the 
ascending pharyngeal artery and a muscle branch of the external carotid. 
Veins draining the carotid body plexus joined the internal jugular and often 
the posterior pharyngeal and laryngeal veins, and thus the external jugular 
vein, 

In the rabbit, the blood supply of the carotid bodies came from one or two 
small arteries which arose from the external carotid, internal carotid, or the 
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carotid bifurcation area. The venous plexus on the surface of the carotid body 
formed two or more larger veins which joined the internal jugular vein. No | 
connections with the external jugular vein were found. 

The considerable anatomical variability in the blood supply and venous 
drainage of the carotid body may explain some of the hazards of the classical 
carotid sinus—carotid body perfusion experiments, one of the purposes of 
which is to study reflex responses of the chemoreceptors. Inadvertent damage 
to the arterial blood supply or venous drainage of the carotid body probably 
accounts for some of the experimental failures with this type of preparation. 


Observations on carotid body blood flow in the cat. By M. vr 
Bure Daty, C. J. Lampertsen and A. Scuweirzer. Department of 
Physiology, University College, London 

On the basis of anatomical studies on the carotid body blood supply (Chung- 

charoen, Daly & Schweitzer, 1952) a technique has been devised for collecting 

the venous effluent of the cat’s carotid body with its natural arterial blood 
supply intact. Flows obtained are of the order of 0-06 ml./min. at normal blood 
pressures. The blood flow through the carotid body is reduced by ipsilateral 
occlusion of the common carotid artery and by lowering the arterial blood 
pressure through haemorrhage. The flow became immeasurably low at systemic 
blood pressures of about 50 mm Hg. The carotid body blood flow was increased 
during periods of arterial hypertension produced by repeated intravenous 
injections of adrenaline. The flow was also increased by lowering the blood 
viscosity through replacement of a part of the circulating blood volume by’ 
saline. Analysis of blood samples taken from the femoral artery and the 
carotid body venous outflow did not reveal any difference in oxygen content. 


REFERENCE | 
Chungeharoen, D., Daly, M. de Burgh & Schweitzer, A. (1952). J. Physiol. 117, 3 (in the Press). 


Influence of noradrenaline on blood flow through skeletal muscle. 


By A. F. and C. C. N. Vass. 
St Thomas’s Hospital, London 


Blood flow has been measured in the henecsl vein of the skinned kimb ‘of cats 
under chloralose or nembutal anaesthesia by a simplified bubble flow tech- 
nique. After obtaining a steady base-line of venous blood flow from the thigh 
muscles the effects of intravenous (forelimb vein) or intra-arterial (femoral 
artery) injections or infusions of noradrenaline were followed. coeenie 
records of blood pressure were taken from the carotid artery. » 
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Intravenous injections of noradrenaline (2-3 yg/kg) always produced a 
marked increase in the rate of flow followed by a decrease in flow. The latter 
effect occurred after the return of the blood pressure to its initial value; the 
increase appeared to be associated with the pressure rise. A comparable 
increase could be achieved by raising the blood pressure. 

The same effects were obtained with intravenous infusions (2-3 »g/kg/min) 
at constant speed. Intra-arterial injections (0-1-0-3 ug/kg) produced con- 
sistently a decrease in flow. With intra-arterial infusions (0-1-0-3 yg/kg/min) 
there was always a fall in the rate of flow which was maintained throughout 
the infusion. 


On the increase in muscle blood flow following contraction. 
By 8. M. Hirton. Physiological Laboratory, University of Cambridge 


_ After muscular contraction there is an increase in blood flow which may be 
prolonged for several minutes, depending on the strength and duration of 
contraction. This post-contraction effect is supposed to be produced by 
vasodilator substances, acting on arterioles, though the way in which the 
arterioles are affected has never been clear. The following experiments were 
performed to test the possibility that nervous pathways are involved. 

Observations have been made on the venous outflow from the cat’s gastro- 
cnemius muscle, using an enclosed, drop method of recording. Sustained 
contractions of the muscle were obtained by tetanizing the tibial branch of the 
sciatic nerve, and the changes in venous outflow, both during and subsequent 
to contraction, were found to be as described by Anrep & von Saalfield (1935). 

The post-contraction increase is not merely due to occlusion of vessels in the 
muscle, since reactive hyperaemia is never well-marked in these preparations. 
In fact, such hyperaemia is more marked after arterial occlusion than after 
venous occlusion, thus supporting Folkow’s observation that Bayliss’s 
‘myogenic’ theory is true at least in part (Folkow, 1949). 

The post-contraction effect is not due to the direct stimulation of nerve 
_ fibres having a vasodilator action, for, in curarized animals, tibial nerve 
stimulation causes, if anything, a small diminution in flow, whereas direct 
stimulation of the muscle will bring about contraction followed by the usual 
increase. 

The increase in outflow following contraction is not affected by acute 
bilateral lumbar sympathectomy, by acute deafferentation of the muscle, or 
by combined section of the tibial nerve and femoral artery (flow being re- 
established by cannulation of the cut ends of the vessel). The last procedure 
completely denervates the muscle vessels. Hence, the participation of a true 
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_ spinal reflex can be excluded. The increase in outflow is not diminished by 
atropine in normal doses, nor is it affected by Preparation 7337 (Ciba), 


a powerful sympatholytic drug. ) 
The possible role of an axon reflex is now being investigated. 


Anrep, G. V. & von Saalfield, E. (1935). J. Physiol. 85, 375. 
Folkow, B. (1949). Acta physiol. scand, 17, 289. 
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A direct-coupled oscilloscope preamplifier. By K. Cope.anp. 
Biophysics Department, University College, London 
This amplifier has been developed for use with a commercially available 
oscilloscope in which is incorporated a single-sided d.c. amplifier. 

The preamplifier has four valves: two type EF37A or ME1400 operating 
as a long-tailed pair, whose outputs are converted to a single-sided signal by 
a 128C7 valve and fed at earth level to the oscilloscope amplifier by a 
cathode follower. Its gain with push-pull input is x 300, and, with the oscillo- 
scope amplifier, gives a tube sensitivity of 110V/cm. The noise level is about 
20uV peak to peak (band-width 15 kc/s, input grids earthed) and 65uV peak 
to peak with an input impedance of 2MQ. The signal acceptance at full 
gain without distortion is 40 mV, and the ‘in-phase rejection’ ratio 175 :1. 
Measured rates of drift were 1 mV/hr, 30 min after switching on, and 250.V/hr 


after 2 hr. 


Apart from the gain-setting, the preamplifier has only two controls: balance 
and shift potentiometers, together with a pre-set potentiometer which adjusts 
the output level about earth. It operates from a 12 V accumulator and h.t. 
batteries (+240 and —120 V); the whole assembly may be fitted into a 19 in. 
standard rack, the amplifier itself being constructed as an interchangeable 
unit. 


Electric responses of single crustacean muscle fibres. By P. Farr 
and B. Katz. Biophysics Department, University College, London 


It was previously reported (Fatt & Katz, 1951) that the response of crustacean 
muscle to electric stimulation differs from that of many other excitable tissues 
in that it does not depend upon the presence of Na (or Li) in the external 
medium. In fact, many fibres which give only local responses when immersed 
in the ordinary ‘Na-Ringer’ conduct action potentials of about 100 mV when 
all Na has been replaced by osmotically equivalent amounts of certain 
quaternary ammonium ions. Furthermore, the duration of the action 

b 


ag 
b 
4 
i 
if 
op 
at 
by 
| 
i 
ig 
hag 
ing 
vig 
(ay 
‘ 


16P PROCEEDINGS OF THE PHYSIOLOGICAL 


potential can be modified over a 1000-fold range (from 4 msec to 4 sec at 20° () 
by using different ammonium ions in the bath. | 

One of the most interesting of these substances is tetrabutylammonium 
(TBA), whose ‘effects will be demonstrated on a limb muscle of Portunus 
depurator. If the muscle is bathed in a solution in which all Na has been 
replaced by TBA, the fibres give ‘rectangular’ action potentials of 50-80 mV 
amplitude and 0-5-4 sec duration. With lower concentrations of TBA (down to 
90 mo), the same result is obtained after a longer period of soaking. TBA 
produces two other surprising effects: (i) the mechanical response of the fibres 
is greatly reduced or abolished while the action potential is maintained, and 
(ii) the effect of TBA appears to be irreversible: the prolonged action potential 
—without contraction—is still obtained after repeated thorough washing in 
crab-Ringer, or in a solution from which TBA as well as Na has been removed 
(these ions being replaced by an isotonic mixture of sucrose and Mg(l,, in 
addition to the usual amounts of CaCl, and KCl). This observation renders it 
unlikely that TBA ions (or the other quaternary ammonium ions) are them- 
selves the carriers of electric charge across the excited membrane, but suggests 
that these ions modify the electric response of crustacean musue by combining 
with the fibre membrane in a more or less reversible manner. 

Another substance whose effect illustrates the striking difference between 
crustacean muscle and other excitable structures is procaine. Application of © 
procaine-HCl (0-05-0-5%) does not block the action potential but increases 
its size and duration (similarly to choline or tetraethylammonium chloride) 
and enables fibres, which were previously non-conducting, to propagate 
impulses. 

REFERENCE 
Fatt, P. & Katz, B. (1951). J. Physiol. 115, 45P. 


A simple method for micro-gas-analysis. By H. E. Lewis and 
0. C. J. Lippotp. Department of Physiology, University College, London 


A small bubble of the gas sample is injected into acidulated water in a chamber 


formed by two horizontal parallel plates of optical glass 1 mm apart. A bubble 


of about 0-01 ml. gas forms a flat cylinder, the volume being proportional to the 
cross-sectional area which can be accurately measured by means of an optical 
projection system. A gas-absorbing fluid is then gently run into the chamber, 
displacing the water but not shifting the bubble. After time has been allowed 
for absorption of the gas, another determination is made of the projected area, 
the difference being expressed as a percentage. Since the chamber is open at 
one end to the atmosphere, pressure remains the same during analysis. 
Changes in temperature of the bubble are controlled by immersing the chamber 
and absorbing fluids in a water-bath. 
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Two versions of this apparatus have been constructed; one projecting a large 
image of the bubble on to a screen for direct measurement or exposure to 
bromide paper, and one adapted to record on 16 mm cine film. 


(or 


Bubble chamber 
Perspex box filled 
with water 
it (at constant temperature) 
“O.N. 20° heat 
filter glass 


12V projection 


parallel ighe 
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Fig. 1. Gas bubble analyser. 


The accuracy of the measurement is better than 0-3 vol.%, of the mixture, 


_ when analysing respiratory gases using chromous chloride (Dahlstrém & 


Wahlund, 1949) and caustic potash. The minimum volume of gas needed can 
easily be reduced by increasing the magnification of the optical system. The 
time required to make one observation is less than 1 min; photographic records 
permit of storing the results conveniently for measurement later. 


REFERENCE 
Dahlstrém, H. & Wahlund, H. (1949). Scand. J. clin. Lab. Invest. 1, 86. 


The physiological cost of negative work. By B. C. Assorr and 
Brenpa Bicianp. Biophysics and Physiology Departments, University 
College, London 

In previous experiments (Abbott, Bigland & Ritchie, 1952) two bicycle 

ergometers were coupled back to back. One cyclist pedalled in the normal 

way and did positive work; the pedals of the other bicycle were driven back- 


wards, and in resisting the motion the other subject performed an equal 
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amount of negative work. The forward cyclist always required more oxygen 
than the one resisting, and the difference increased with the speed of pedalling. 

These results can be explained in terms of the force-velocity curve of muscle, 
from which it appears that a contracting fibre exerts more tension when 
lengthened than when shortening. Hence more fibres are needed to maintain 
a given tension when shortening during positive work than when Deing 
stretched in resisting. | 

When the force was kept nearly constant and the speed of pedalling varied 
as widely as possible, the oxygen consumption of the forward cyclist increased 
up to 7-fold, while that of the resisting cyclist changed relatively little. With 
two cyclists, however, it was difficult to be sure that the force and speed 
remained quite constant, especially at the highest and lowest speeds of 
pedalling. The present apparatus was therefore designed in order to study 
more precisely the oxygen consumption of the resisting cyclist under conditions 
in which the force exerted and the speed of pedalling can be varied inde- 
pendently. The ‘forward’ bicycle has been replaced by a constant-speed motor, 
which drives the other bicycle in reverse through a variable speed coupling. 
The work done by the motor is calculated by measuring the current in the 
armature circuit. Since the speed of pedalling is known, the force exerted 
by the subject can be deduced. 


REFERENCE 
Abbott, B. C., Bigland, B. & Ritchie, J. M. (1952). J. Physiol. 117, 380. 


An apparatus for controlled injection over long periods of time. 
By H. Davson and C. E. Purvis. Medical Research Council, University 
College, London, and Institute of Ophthalmology, London 


The apparatus is illustrated in Fig. 1 and consists of a governor-controlled 
electric gramophone motor (A) driving a 5-speed gear-box (C) through a 100/1 
worm drive and clutch (B). The output of the gear-box is delivered by a 
coupling (G) to a 1 mm pitch lead-screw (F) which drives the carrier and 
sliding nut (H) along a pair of silver steel rails (I). The thrust-rod (J) which 
compresses the plunger of the syringe (K) is joined to the carrier. By lifting 
the sliding nut the carrier may be moved so as to bring the Perspex buffer of 
the thrust-rod in apposition to the plunger of the syringe; lowering the sliding 
nut then locks the carriage on the thrust-rod so that the thrust is conveyed to 
the plunger. The gear-box comprises two parallel shafts, with five gears pinned 
to one and five gears loose on the other, each pair of gears being constantly in 
mesh. Selection of the required gear is made by the gear selector (D) which 
pins the selected loose gear to its shaft. The ratios obtained are 4:1, 2:1, 1:1, 
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1:2 and 1:4; the motor control, moreover, its a 3:1 change in s 4 
so that from the lowest speed in bottom gear foil highest in iad ae 
movement of the plunger may be varied by a factor of 48. With a 50 ml. 
syringe this gives a range of injection speeds from almost 0-05 to 2-4 ml./min. 
With the use of smaller syringes much slower rates of injection may be 
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Fig. 1. A, governor-controlled electric gramophone motor 30-100 r.p.m.; B, 100/1 worm drive 
and clutch; C, five-speed gear-box; D, gear selector; Z, motor speed regulator; F, 0 B.a., 
i.e. 1 mm pitch, lead-screw; G, coupling, gear-box to lead-screw; H, sliding nut; J, } in. silver 
steel rails; J, v¢ in. thrust-rod; K, syringe; L, meter; M, spring linkage, meter to 
motor-governor. 


obtained if required. The speed of the motor is indicated by a meter (ZL) which 
is calibrated in ml./min when employing a 50 ml. syringe and bottom gear; 
for other gears the figures must of course be multiplied by the appropriate 
factor. 


A mechanical model of the heart. By L. E. Bay iss 


The blood supply of the superior cervical and nodose ganglia. 
By D. CaunccuaRoen, M. pe Bureu Daty and A. ScHWEITZER 
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The central control of bronchomotor tone. By M. pe Burcu Daty, 
J. Lampertsen and A. SCHWEITZER 


Observations on the carotid body blood flow in the cat. By M. pr 
Bure Daty, C. J. LAMBERTSEN and A. SCHWEITZER 


Structural and functional changes in the vagus after degenerative 
section of the nerve at different levels. By M. pe Buren Daty and 
D. H. L. Evans 


The mixing of the myelin and axoplasm and their subsequent 


separation following the crushing of mammalian nerves. 
By G. Causry and E. Pater. — of Anatomy, University 
College, London 
The distribution of myelin has been examined in rabbit nerves at periods of 
0-72 hr after a crush. If the nerve was fixed in situ while the pressure of the 
crushing forceps was maintained, the myelin was found mixed with the 
axoplasm in the region extending 1-2 mm on either side of the crush. At the 


site of pressure there was no stainable myelin. 


When the nerve was left in the animals for periods of 1-72 hr after crushing 
before fixation, the contour of the crushed region returned to normal and the 
mixed axoplasm and myelin from the regions adjacent to the crush flowed 
back into the crushed region. 

If the nerve was left in the animal for 48-72 hr, the boundary between the 
myelin and the axoplasmic canal again became apparent. 

- Specimen and photographs will be shown to support these observations. 


Two somatic nerves containing no non-myelinated fibres. 
By T. A. Quitiiam and G. D. H. SHawe 


Renal interstitial pressure. By F. R. Winton. Department of 
Pharmacology, University College, London 


The tissue pressure in the kidney is surprisingly high. In the dog anaesthetized 
with pentobarbitone Swann and his associates (Montgomery, Mickle, Swann & 
Coleman, 1950) assess it at 26 mm Hg, and Gottschalk (1950) at 16 mm Hg. 
These authors concur with the view (Winton, 1933), now perhaps rather 
suspect, that tissue pressure is transmitted to the contents of the tubules and 
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therefore obstructs the outflow of urine. This obstruction can be measured as 
the least ureter pressure which reduces the urine flow and is termed the 
intrarenal pressure. In the pump-lung-kidney preparation it varies from 
about 10 mm in the resting to about 40 mm Hg in the diuretic kidney, but is 
hardly affected by arterial pressure changes (Winton, 1936). Recent observa- 
tions (unpublished) have, however, shown that the intrarenal pressure in the 
dog anaesthetized with pentobarbitone is only 2-4mm Hg even during 
moderate diuresis. It has, therefore, seemed desirable to study interstitial 
pressure and intrarenal pressure simultaneously. 

Tissue-pressure measurement requires a manometer with very low volume 
displacement. The arrangement described below involves a displacement in 
the manometer and connexions of about 0-0001 cu.mm per 1 cm H,0. 

A steel tube (external diam. 0-6 mm), with a blind end but a lateral orifice 
(diam. 0-4 mm) near the end, is inserted into the renal substance at depths of 
about 3-8 mm from the surface. The tube is connected by 10 in. of fine 
polythene tubing to a conductivity manometer. The manometer is a rough 
copy of one which has been designed and used by J. R. Pappenheimer 
(unpublished) at Harvard University. It consists of a glass membrane (a 
cover-slip 10 mm diam., 0-1 mm thick) separating two similar conductivity 
chambers filled with saline. Each of these chambers is divided into two by 
a glass partition which nearly reaches the membrane, so that the resistance 
between electrodes inserted either side of the partition resides mainly in the 
narrow bridge of saline between the edge of the partition and the membrane. 
Deflexion of the membrane by pressure narrows the gap on one side and 
widens that on the other. If the two conductivity chambers are incorporated 
in a conductivity bridge, the bridge is therefore thrown out of balance by a 
pressure difference across the membrane. 

The bridge is supplied with 2000 c/s a.c. at about 2 V. Its output passes 
through a push-pull preamplifier to a phase-discriminating pair of valves 
directly coupled to a pair of output valves (PX 4) supplying the milliammeter 
which records on the smoked drum. At maximum sensitivity full-scale 
deflexion corresponds to about 1 mm H,0. The manometer can be used as 
a null-point instrument by raising the pressure on the side of the glass 
membrane remote from the kidney to a measured value. A lower sensitivity 
is required when it is used as a deflexion instrument, the deflexion on the drum 
being a reasonably linear function of change in pressure. Control of tempera- 
ture is needed to keep calibration curves constant if the two conductivity 
chambers have widely different conductivities. This is provided by a thermo- 
- couple-galvanometer-photomultiplier combination giving a graded heating 
current from output valves. 3 

Interstitial pressure has been measured in the left kidneys of dogs anaes- 
thetized with pentobarbitone and lying on their right sides. The surface of the 
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kidney is approached retroperitoneally, and the ureter cannula inserted with 
the tip almost in the pelvis. Arterial pressure from the femoral artery and 
venous pressure from the vena cava near the opening of the renal vein are 
continuously recorded along with urine flow, ureter pressure and interstitial 
pressure. In an 8 kg dog, for example, insertion of the needle in three different 
places gave pressures of 8, 21 and 3-5 cm H,O when the venous pressure was 
2-5 cm H,O above the renal pelvis. The urine flow was low at 0-05 c.c./min. 
Moderate sucrose diuresis raised the interstitial pressure considerably from 
the value 3-5 cm, but it subsequently fell to 18-5 cm H,O at a urine flow of 
1-4 ¢.c./min. Severe diuresis (4-6 c.c./min) raised the interstitial pressure to 


- 67cmH,0. Other diuretics, such as saline, caffeine, sulphate and urea, like- 


wise raise the interstitial pressure; adrenaline or stimulation of the vagus 
nerve lower it. 

All interstitial pressure measurements have been checked by approach from 
higher and lower pressures. If the needle be switched from a reservoir 20 cm H,0 
below the interstitial pressure to the manometer, the steady value of pressure 
is reached in about 5-10 sec. Approach to the same steady value from a similar 
rise of 20 ¢m H,0 is slower, occupying 4-1 min. These times are a little shorter 
in resting and longer in diuretic kidneys. 
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The maintenance of a constant water load and the recording of 
urine flow in the unanaesthetized rat. By 8. E. Dicker 


Volume changes in muscle. By D. R. WiILki£ 


Electromyography of the erectores spinae muscles in flexion of the 
lumbar vertebrae. By W. F. Fioyp (Film) 
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Electrical stimulation of the metabolism of separated mam 


malian cerebral tissues in various salt-glucose mixtures. 
By H. MclItwain. Biochemical Laboratories, Institute of Psychiatry 
(British Post-graduate Medical Federation, University of London), Maudsley 
Hospital, London, S.E.5 
Electrical pulses of types which elicit responses when applied to the central 
nervous system + vivo have been found to alter the metabolism of separated 
cerebral tissues in saline media (McIlwain, 1951a, b). Respiration and aerobic 
glycolysis greatly increase while the tissue content of creatine phosphate falls. 

The present experiments were carried out with rat and guinea-pig cerebral 
cortex in a medium containing: 0-127 m-NaCl; 0-0051 m-KCl; 0-00273 m-CaCl,; 
000134 m-KH,PO, and -MgSO,; 0-05 m-glycylglycine brought to pH 7-4 with 
0-05 m-NaOH; and 0-013 m-glucose, and in others whose composition with 
respect to the inorganic salts were altered. Considerable changes in tonicity of 
the medium and in its content of sulphate and chloride ions, did not greatly 
change the normal metabolic characteristics listed above, nor the manner in 
which they changed with applied pulses. 

Lowered concentrations of sodium ions had little effect on metabolism in the 
absence of pulses, but rendered the tissue inexcitable. Lowered concentra- 
tions of calcium salts or increased concentrations of potassium salts (Dickens 
& Greville, 1935) partly or wholly brought about the changes which could be 
induced by electrical pulses. The pulses then completed the changes which 
they normally induced. Increased concentrations of magnesium salts lowered 
the respiration and inorganic phosphate of the tissue, and decreased the 
changes which were normally caused by electrical pulses in glycolysis, inorganic 
phosphate and creatine phosphate. . 

These and other experiments suggest that the condition induced in the 


~ separated tissue by electrical pulses in vitro, is related to the conditions of 


increased activity which can be induced in the central nervous system 1 vivo 
and in muscle and peripheral nerve in vitro. In particular, the effect of lack 
of Na salts is analogous to the inexcitable condition observed in muscle by 
Overton (1902) and in the squid axon by Hodgkin & Katz (1949). Also, the 
depressant effects of Mg salts in the present experiments are found at con- 
centrations close to those causing anaesthesia and depressed body temperature 
in rabbits and dogs (Taylor & Winter, 1929; Heagy & Burton, 1948). 
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Potassium exchange in frog muscle. By B.C. Assort, Biophysics 

Department, University College, London 
It was shown by Harris & Burn (1949) that allowance has to be made for the 
delaying effect of diffusion through the extracellular spaces when evaluating 
the permeability of muscle to potassium. The large size of the frog gastro- 
cnemius renders it quite unsuitable for permeability studies, most of which 
‘have, in fact, been made using the sartorius. It seemed desirable to compare 
the rate of potassium exchange of the sartorius with that of still thinner 
muscles in order to confirm that the sartorius results do not require a large 
correction for diffusion. 


TaBLE 1. Percentage potassium exchanged in muscles 


Potassium in 
external Soaking 
Temp. solution time %K 
Date (° Muscle pequiv/ml. (hours) exchanged 
28. xi. 51 14 Sartorius 4 3 10-2 
Semimembranosus 4 3 10-0 
Foot muscles (several taken 4 3 9-8 
together) 
29. xi. 51 18 Sartorius 4 5 7:2 
Foot muscle 4 6-4 
1. i. 52 18 Sartorius 4 10-0 
* Ext. long. dig. IV 4 10-7 
Sternocutaneous 8 20-4* 
11. ii, 52 18 Ext. long. dig. IV 2t 11-7 


abe The sartorius and semimembranosus weigh 60-100 mg each, the ext. long. dig. IV about 


mg 
* External K was doubled in the solution used for treating this muscle. 
t pH in this experiment was lower than in the others. 


4 


Comparisons have been made on muscles of different size taken from the 
same frog and treated in the same solution. The experiments consisted in 
soaking-the muscles for a few hours in physiological saline of known potassium 
content with a trace of “K. Finally, the muscles were washed for 1 min in 
a similar but non-radioactive solution in order to remove adhering and some 
extracellular fluid, and then dissolved in acid. The radioactivities of the dis- 
solved muscles were compared with that of a known dilution of the soaking 
medium in order to deduce the amount of potassium exchanged. 

The results are summarized in Table 1. These show that, within the range 


_ of sizes examined, the degree of potassium exchange attained by the muscles | 


of each frog is approximately the same when similar experimental conditions 
are applied. | | 


REFERENCE 
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An anomaly in the potassium exchange between muscle and the 
surrounding fluids. By E. J. Harris 


The permeability of the blood -aqueous barrier to small molecules. 
By E. J. Ross. Institute of Ophthalmology, London 


Quantitative studies of the permeability of the blood-aqueous barrier to 
organic substances have been extended to non-electrolytes of low molecular 
weight. The results (see Fig. 1) confirm the previous finding (Ross, 1951) that 
the factor of lipoid solubility greatly dominates that of molecular volume. 
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Fig. 1. Permeability of the blood-aqueous barrier to various non-electrolytes. Ordinate, rate of 
penetration expressed as the product k;,,M+, where k,,, is a permeability constant and M the 
molecular weight. Abscissa, lipoid solubility expressed as the ether/water partition coefficient. 


Formamide (mol.wt. 45) is exceptional in that it penetrates faster than its more 
lipoid-soluble homologue acetamide. Its greater penetrating power is ascribed 
to its small molecular dimensions which allow it to pass through ‘pores’ in the 
membrane. Urea (mol.wt. 60), however, penetrates at a rate consistent with 
its lipoid solubility so that the upper limit of pore size must correspond to 
a molecular volume smaller than that of urea. 
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The relation between velocity of shortening and the tension-length 
curve of skeletal muscle. By B. C. Assorr and D. R. Wirxir. 
Department of Biophysics, University College, London 

When a muscle is made to contract against a constant force both the velocity 

of shortening and the total amount of shortening are determined by the 

magnitude of the force. In the muscles of all the species so far examined (frog, 
toad, tortoise, snail, man) the relation between velocity and force is accurately 
described by Hill’s characteristic equation: 

(P+a) (V+6)=(P, +4) 5, (1) 
where P=force, V = velocity, a and b are constants and P, =isometric tension. 


The isometric tension does of course vary with muscle length, being greatest 
when the muscle is near its length in the body. Therefore, since Py appears in 


it as a constant, the characteristic equation has hitherto been applied only to 


a small range of shortening in this region of maximum isometric tension, where 
the variation of P, with length is small. 


In order to discover what governs the speed of shortening in other regions 


of the tension-length curve it is necessary to obtain from one and the same 
muscle a number of records of the time course of shortening against various 
isotonic loads, as well as the directly measured tension-length curve. Experi- 
ments were carried out on tetanic contractions of the frog’s sartorius at 0° C, 
the isometric tension being measured by a single-wire resistance strain gauge 
whose output was displayed on a cathode ray tube. Isotonic contractions, all 
of which started at the length in the body, were displayed in the same way by 
attaching to a ball-bearing isotonic lever a vane whose shadow moved across 
the window of a twin photocell. The output of the photocell was also differen- 
tiated electrically so that displacement-time and velocity-time curves could 
be displayed and photographed simultaneously. From the photograph the 
velocity of shortening at any chosen muscle length was easily measured. 

The investigation showed that the characteristic equation does apply at all 
degrees of shortening so long as P, at any length at which the velocity is 
measured is given the value (P,), appropriate to that length. This is best shown 
by rearranging equation (1): 

(Po), =V, (P+a)/b+P. (2) 
a and b may easily be calculated from the initial shortening velocities and once 
they are known a curve of (P,), against length may be calculated from each 
velocity and shortening record, using equation (2). The tension-length curves 
obtained from different isotonic records agree rather well with one another and 
with the curve of isometric tension against length measured directly. 

The constancy of a and 6 at all lengths is interesting because it emphasizes 
the similarity between a and the constant of shortening heat per cm; the heat 
constant has also been found not to vary with muscle length, and to be 
numerically and dimensionally equal to a. 
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_ The innervation of the laryngeal mucosa of the frog. By B. L. 
| AnpRrEw. Department of Physiology, University College, Dundee (Uni- 
versity of St Andrews) 


The complexity of the neural organization of the mucous membrane usually 
makes the assignment of sensory functions to nerve endings difficult or 
impossible. This difficulty is particularly noticeable when the chemical 
sensitivity of a mucous membrane is being examined as the stimuli cannot 
easily be localized on a moist surface. However, since the nerve fibres con- 
nected to the frog larynx are sufficiently few in number for the larger fibres to 
be tracked by direct observation and identified electrically with some certainty, 
it was felt that a detailed examination might produce data of value in the 
examination of more profusely innervated mucous membranes. 

The larynx is supplied by a single branch of the vagus; this contains 23-35 
myelinated fibres of which about three-quarters are motor fibres to the muscles. 
Four or five myelinated fibres leave this branch and pass through the glottal 
aperture between mucosa and arytenoid cartilage into the laryngeal cavity 
anterior to the vocal cords. These fibres serve the sensory endings in the 
laryngeal mucosa. The distribution of these fibres was determined with 
methylene blue. 

The nerve impulses in the afferent fibres were classified into three groups. 
First, fast impulses of large spike height, second, action potentials of inter- 
mediate size and conduction velocity and third, slowly conducted potentials 
which summated to form irregular waves. 

The fast impulses were initiated by rapidly adapting endings sensitive to 
light touch. The area of mucosa from which impulses could be initiated in an 
individual fibre was found to coincide with the distribution of a myelinated 
fibre whose branches gave rise to very fine non-myelinated fibres with terminal 
expansions lying amongst the epithelial cells. No encapsulated endings were 
seen. These sensory units overlapped one another on the glottal lips (occlusal 
surfaces of arytenoid cartilages) but were usually separate in the anterior 
ventricle. The vocal cords were not innervated except at their margins. 

Although no taste buds were observed, the mucosa was sensitive to salt 


- solutions and spike potentials of intermediate size were initiated from slowly 


adapting endings. The discharge was irregular in frequency. The type of 
response found in the lingual mucosa of the frog and toad to water and very 
weak salt solutions (Zotterman, 1949; Andrew, 1949) was not seen. 

Strong salt solutions aroused slowly a * action potentials in addition 
to those already described. 
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Failure of ganglionic transmission after postganglionic nerve 
section. By G. L. Brown, H. McLennan* and J. E. Pasco. Depart- 
ment of Physiology, University College, London 

If the postganglionic trunk of a sympathetic ganglion is divided and examined 

3 weeks afterwards, the fibres between the section and the ganglion conduct 

normally. Stimulation of the preganglionic trunk is, however, ineffective in 

exciting the ganglion cells and causing a discharge in the postganglionic fibres. 

Our first evidence for this loss of excitability of the ganglion cell was 
obtained from the inferior mesenteric ganglion of the rabbit. Degenerative 
section of the intermesenteric nerve resulted in failure of transmission from 
the inferior splanchnic. The intermesenteric nerve, however, contains not only 


postganglionic fibres from cells supplied by the inferior splanchnic nerve, but — 


also preganglionic fibres and ‘straight through’ fibres (cf. Brown & Pascoe, 
1951). It was not, therefore, suitable for further study of the effects of post- 
ganglionic section. 

More conclusive evidence has been obtained from the stellate ganglion. 
The inferior cardiac nerves arise from a discrete pole of the ganglion and are 
a reasonably homogeneous mass of fibres (Eccles, 1943). It has been possible 
to divide the inferior cardiac nerve before its subdivision some 1 cm distal 
from the ganglion. After 3 weeks, the ganglion was removed and examined 
in vitro by the technique previously described. Stimulation of the thoracic 
trunk failed to evoke a response in the inferior cardiac nerve, although all 
other branches showed that ganglionic transmission was otherwise occurring 
normally. Repetitive excitation of the preganglionic trunk failed to break 
_ through the block. The divided axons were still excitable when stimulated 
directly and gave apparently normal spikes. So far we have only examined 
one animal less than 3 weeks after nerve section. In this animal, 3 days after 
section, the ganglion cells were still excitable. 

The acetylcholine output of a superior cervical ganglion, perfused after 
chronic section of all its postganglionic branches, was not less than normal. 

The expenses of this investigation were partly met by a grant from the Medical Research Council. 

* Fellow of the National Research Council of Canada. 
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Antidiuretic titre of plasma from the internal jugular vein of 
children. By S. E. Dicker and Curistine Tver. Department of 
Pharmacology, University College, London 


Ames, Moore & van Dyke (1950) have shown that antidiuretic activity can be 


detected in the jugular blood of dogs; it is not present, however, in blood from 
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the femoral vein. Plasma and serum from blood taken by puncture from 
the internal jugular and the antecubital veins of children were injected 
subcutaneously or intravenously into hydrated rats and compared for their 
antidiuretic activity. Details of the method and calculation for assaying anti- 
diuretic material injected subcutaneously were those described by Dicker & 
Ginsburg (1950) and Ginsburg (1951). A modification of Jeffers, Livezey & 
Austin’s (1942) method was used for the estimation of antidiuretic activity by 
intravenous injection, the antidiuretic effect being measured as the ratio 
between the urine flow expressed as percentage of the water load, before and 
after injection of the test material. 

No antidiuretic activity was found in plasma from the antecubital vein of 
hydrated or dehydrated children, whether injected subcutaneously or intra- 
venously into rats. In contrast with plasma, serum from the antecubital vein 
was antidiuretic when injected subcutaneously but had no antidiuretic effect 
when injected intravenously. However, plasma from the internal jugular 
vein of children, injected subcutaneously into rats was antidiuretic: during 
moderate dehydration (urine sp.gr. 1-035), the antidiuretic titre of blood as 
estimated by a four point assay method (Ginsburg, 1951) was equivalent to 
that of 0-10 mU/ml. vasopressin. In well hydrated children internal jugular 
plasma had very little antidiuretic activity. Similar results were obtained when 
plasma samples from the internal jugular vein were injected intravenously. 
It would thus seem that the antidiuretic hormone from the pituitary gland can 
be detected in plasma from the internal jugular vein. 


We would like to thank Dr A. Barlow, whose collaboration in taking the blood samples enabled 
us to carry out this investigation. 
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Cold infusion and renal function. By J. A. Barcray and M. Ispranim. 
Department of Physiology, University of Buormingham 

Cold intravenous drips, ranging in temperature from 20 to 10°C lead to a 
characteristic pattern of electrolyte excretion in dog. Tubular max. p-amino- 
hippurate (Tm PAH) decreased and in some cases clearances reached filtration 
rate. When the initial drip temperature was 18 + 2° C, on changing to a warm 
drip (38°C), Tm PAH rose, but when the initial drip temperature was 
between 10 to 13° C Tm, PAH was not increased after perfusion at 38° C for 
as long as 2 hr. After a cold drip, urine electrolytes approached a concentra- 

tion ratio of 1. Although urine volume invariably rose with cold drips this rise 
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was not the reason for changes in concentration; chloride in the urine, when 
hypotonic, increased in concentration. The rate of approach to plasma level 
differed with different ions. Chloride changed rapidly, sodium followed and 
lastly potassium and phosphate, which did not fall below urine/plasma ratio 
of 4 and 10 respectively. . 

When a warm drip (38° C) was subsequently given urine volume fell in all 
cases. The concentration of electrolytes in urine rose, sodium was the first 
affected, its concentration sometimes exceeding control values. Chloride 
moved more slowly, while potassium and phosphorus were unaffected. There 

was no consistent change in serum electrolytes either after cold drip or on 
rewarming. 

The effect of cold can scarcely be a direct one on the kidney since body ~ 
temperature did not fall more than 2° C at the most, nor was there a complete 
disappearance of the power to concentrate, since inulin and PAH still 
showed high concentration ratios. This and the fact that the process is 
reversible makes it unlikely that damaged cells are allowing back diffusion. 
No simple explanation based on changes in reabsorption can account for the 
above results. 


Chemoreceptors in the respiratory centres. By Curr von EvuLer 
and Ur SépErBerG. The Nobel Institute for Neurophysiology, Karolinska 
Institutet, Stockholm 


In order to find whether carbon dioxide exerts a stimulating effect on respira- 
tion by acting directly on the interneurones of respiratory reflex pathways, or 
whether it acts on special central chemoreceptors, three different types of 
experiments were performed on cats. 

(1) The inspiratory activity in decerebrate and vagotomized cats under 
tubocurarine and artificial respiration was recorded from one of the roots of 
the phrenic nerve. The stimulating effect of carbon dioxide was shown to be 
selectively depressed by chloralose, leaving the stimulating action of several 
respiratory reflexes (Hering-Breuer, carotid body, laryngeal and nociceptive) 
unimpaired. 

(2) After having completely isolated the rhombencephalon from all nervous 
connexions, rhythmical as well as continuous discharges could be recorded 
from the interior of the medulla in response to carbon dioxide added to the 
inspired gas. 

(3) In decerebrate cats slow potential changes could be recorded in response 
to carbon dioxide administration from the regions of the medulla where 
electrical stimulation is known to evoke inspiration or expiration (Pitts, 


Magoun & Ranson, 1939), However, reflex activation of respiration did not 
elicit such potential changes. 
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_ From these experiments we have concluded that the bulbar chemosensitive 
structures do not form part of the respiratory reflex — but form a — 
= chemoreceptor system. 


REFERENCE 
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Histamine profiles of the mucosa of the gastro-intestinal tract 
of the dog. By W. Fe.psere and G. W. Harris (Cambridge). National 
Institute for Medical Research, Mill Hill, N.W.7 : 


Recently Douglas, Feldberg, Paton & Schachter (1951) showed that the greater 
part of the histamine of the wall in all regions of the gastro-intestinal tract of 
dogs is in the mucosa. In order to identify the histamine-rich structures in 
more detail, the mucosa, with submucosa attached, was dissected from the 
muscularis externa so that a flat plate of tissue could be frozen and serially 
sectioned in the horizontal plane. The frozen sections were extracted and 
assayed for histamine or stained for histological examination. In this way 
histamine profiles were aateinaiate which could be related to the histological 
structures. 

Stomach. In confirmation of previous ghenevetions it was found that per 
gram tissue the mucosa of the body contained about twice as much histamine 
as the mucosa of the pyloric regions. The histamine profile of the body usually 
showed two peaks, the one corresponding to the position of the muscularis 
mucosae, the other to the more superficial parts of the glands where there is 
a concentration of parietal cells. The trough between the two peaks falls in 
the region of the deeper parts of the glands, where they consist mainly of 
-tymogenic cells. The histamine profile of the pyloric region shows one peak 
only, which corresponds to the position of the pyloric glands. This peak may 
be as high as those found in the mucosa of the body. 7 

Duodenum. The histamine profile shows usually two peaks, the one corre- 
sponding to the position of the muscularis mucosae, the other to the villi. 

Colon. The histamine profile shows one broad peak. The region of sub- 
mucosa had low histamine values; the high values were in the region of the 
muscularis mucosae but still more in the region of the glands. The decrease in 
values near the lumen was associated with a larger proportion of connective 
ue between the glands. 
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ar rcolssycee and renal interstitial pressures in the anaesthetized dog. 
By F. R. Winton 


A comisilihabi of the effects of pulsatile and non Spiilaiieile pressures 
on the carotid sinus. By H. W. Eap, J. H. GREEN and KE. Neri 


A method for the estimation of histamine in plasma. 
By H. M. Apam and K. E. V. Spencer 


Some tissue reactions following the administration of diphenyl]- 


hydantoin (‘dilantin’) sodium. By P. H. Strapte. Department of | 


Zoology, King’s College, London 

Some epileptic patients treated with ‘dilantin’ sodium develop gingival 
hyperplasia. A histochemical study of biopsy specimens has shown that the 
hyperplasia is associated with increased gingival tissue alkaline phosphatase 
activity. 

‘Dilantin’ sodium has also been given to mice by intraperitoneal injection, 
15, or 9 mg/kg/day, 6 days a week for 16 weeks. Controls received 0-9 °% w/v 
sodium chloride, such that the amount of sodium received was always greater 
than that given to treated animals as ‘dilantin’. Gingival abnormalities have 
not been found in any of the animals, but the adrenal glands of treated animals 
have shown asymmetric cortical degeneration. 


The idea that ‘dilantin’ sodium might act in man via the pituitary-adrenal 


complex has been tested by giving calcium aspirin, 1-95 g daily for 3 days, to 
a patient receiving ‘dilantin’ sodium therapy (salicylates are thought to 
stimulate adrenocortical function; see Cochran, Watson & Reid (1950), 
Robinson (1951), Van Cauwenberge (1951)). The treatment appeared to modify 
the anti-convulsant effect of ‘dilantin’ sodium. | 

The question whether idiopathic epilepsy may result from endocrine 
dysfunction is discussed in the light of these results. 


REFERENCES 


Cochran, J. B., Watson, R. D. & Reid, J. (1950). Brit. med. J. ii, 1411. 
Robinson, F. B. (1951). Brit. med. J. i, 300. 
Van Cauwenberge, H. (1951). Lancet, ii, 686. 


The effect of different iron preparations on the cells of the reticulo- 
endothelial system. By J. A. Nissim. Department of Pharmacology, 
Guy’s Hospital Medical School 

Histological sections taken at different periods after repeated intravenous 

injection of different iron preparations into mice, rabbits and guinea-pigs 

revealed differences in the behaviour and fate of the reticulo-endothelial cells 
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of the liver which appeared to depend on the size of the ingested particles. 
Once engorged with the injected material, these cells detached themselves 
from the sinusoid walls and began to migrate. The direction of migration, 
viz. (1) towards the central veins or (2) towards the portal tracts, seemed to 
depend on the diffusibility of the injected preparation. 

Two of the compounds studied, ‘ferric hydroxide ferrous ascorbate’ and 
‘ferric chloride caramelate’, were new preparations selected on account of 
their high diffusibility (Nissim, 1949). In the case of both these preparations 
the migration of the reticulo-endothelial cells was exclusively toward the 
central veins of the lobules. The cells remained single and never lost their 
mobility. In histological sections large numbers of these cells could be seen in 
the central veins. 

A number of preparations of saccharated iron oxide were also studied. These 
possessed larger particles and had low diffusibility. The iron-laden phagocytes, 
when detached from the sinusoid walls, showed a tendency to clumping or 
giant-cell formation. They were thus impeded in their progress, and clusters 
of these cells were held up at various stages on their way towards the central 
veins. A number of these cells, on the other hand, made their way towards 
the portal tract. Inferior samples of saccharated iron oxide possessed larger 
particles, and the proportion of phagocytes migrating towards the portal tract 
was greater than those converging towards the central veins. 

Cappell (1930) used non-diffusible preparations of saccharated iron oxide 
and noted the migration of an even larger proportion of these clumped 
phagocytes to the portal tracts. These cells converged toward the hilum of 
the liver, apparently making their way to the lymph glands. Polson (1929) 
employed colloidal ferric hydroxide, and in this case, where the iron ingested 
by the reticulo-endothelial cells was already in the form of precipitated 
clumps, migration was almost exclusively toward the portal tracts. Evidence 
from the work of Cappell (1929) with trypan blue (diffusible) reveals that the 
Kupffer cells show the same tendency to centrilobular migration in discrete 
formation. The phagocytes which are engorged with diffusible preparations 
pass in the blood stream through the lungs to the spleen and possibly to the 
bone-marrow where they are ultimately held up. 
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Stretch receptors in the trachea and bronchi. By J.G. WippicomBE. 
Nuffield Institute for Medical Research, University of Oxford 


Two types of ‘pulmonary stretch receptor’ have been described in the cat: _ 
those which respond to maintained pulmonary inflation by a slowly adapting 
discharge (Adrian, 1933), and which probably mediate the Hering-Breuer 
inhibitory reflex; and, in addition, ‘rapidly adapting’ endings (Knowlton & 
Larrabee, 1946) which were thought to be the receptors for Head’s paradoxical 
reflex. The latter endings have been found to lie in the walls of the trachea and 
main bronchi, while the slowly adapting receptors are more distal. In most 
instances, the ‘rapid adaptation’ is due largely to a decreasing mechanical 
stimulation after inflation of the lungs. On cooling the vagi the afferent nerve 
fibres from these receptors are blocked at temperatures above those needed 
to abolish the paradoxical response; on exciting the endings in isolation from 
the rest of the respiratory system, Head’s paradoxical response has never been 
observed. 
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Carotid and aortic body stimulants in the dog. By G. S. Dawzs, 


J.C. Morr and J. G. Wippicomss. Nuffield Institute for Medical Research, 
University of Oxford 


Evidence against the suggestion that the afferent pathways from the chemo- 
sensory cells of the carotid body may be interrupted by synapses has been 
obtained in the dog (Moe, Capo & Peralta, 1948) and cat (Douglas, 1951). They 
observed that whereas tetraethylammonium and hexamethonium (respec- 
tively) abolish the stimulant action of acetylcholine, nicotine or lobeline, they 
do not block the effect of anoxia or cyanide. 

Phenyl diguanide also stimulates the chemoreceptors of the carotid and 
aortic bodies in the dog. Its action is not blocked by tetraethylammonium, but 
is abolished by procaine and by 2-«-naphthyl ethylisothiourea; these latter do 
not block the action of cyanide or nicotine. At least three types of physico- 
chemical receptor in the chemosensory unit must therefore be postulated. 


Any interpretation of these findings on a histological basis would be 
premature. 
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Restoration of amine oxidase in denervated tissues. By J. H. Burn 
and JupitH Rosinson. Department of Pharmacology, University of Oxford 


We have previously described the fall in the amount of amine oxidase which 
occurs in the nictitating membrane after removal of the superior cervical 
ganglion, and the correlation between this fall and the increase in sensitivity 
of the membrane to the action of noradrenaline. This fall occurs in the period 
up to 12 days after removal of the ganglion. In the next 3 weeks, the amine 
oxidase is gradually restored to about the normal amount. In this period the 
amount of amine oxidase is no longer correlated in any individual membrane 
with the response to noradrenaline, though as the mean amine oxidase per- 
centage rises, the mean sensitivity to noradrenaline falls in correspondence. 
The observations demonstrating the fall and the subsequent rise have been 
made in fifty-seven cats. 

In denervated foreleg vessels there appears to be a similar fall in amine 
oxidase with a subsequent return towards the normal figure. — 


Thyroid hormone and amine oxidase in blood vessels. By A. Sprnxs. 
Department of Pharmacology, University of Oxford 
Burn & Spinks recently reported (1952) that oral administration of thyroid 
hormone reduces the activity of rabbit-liver amine oxidase. They suggested 
that this effect might explain the increased action of adrenaline on the blood 
sugar of the hyperthyroid rabbit. Thyroid hormone also increases the resting 
blood pressure of rabbits (Gerlei, 1938), and an increased pressor response to 
_ adrenaline has been used as a clinical test of hyperthyroidism (Goetsch, 1918). 
The effect of thyroid hormone on the amine oxidase activity of rabbit aorta 
has now been studied in relation to its effect on the resting blood pressure and 
on the pressor response to adrenaline. Thompson & Tickner have already 
- shown (1951) that the aorta contains considerable amounts of amine oxidase. 


TaBLz 1 

Control Thyroid fed P 

Amine oxidase of aorta: 
(yl./g/hr) 370 (8) 288 (8) 0-04 
(ul./g N/br) 10,100 (8) 8350 (8) 0-04 
Resting blood pressure (mm) 121 (7) 143 (6) 0-02 
a doses of adrenaline 0-74 (7) 0-50 (6) 0-06 

ve 


The oxygen uptake of an aorta homogenate was measured in the presence 
of m/150-cyanide and m/150-tyramine. The resting blood pressure and the 
effect of a range of doses of adrenaline were measured under pentobarbitone 
anaesthesia, using a carotid cannula and mercury manometer. The sensitivity 
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to adrenaline was recorded as the dose giving a rise of 25 mm, measured from 
the straight-line portion of the curve relating pressor response to log dose. 
The average results obtained in a control group of rabbits, and in a group that 
had received dried thyroid daily for 14 days, ai are given in Table 1. The number 
of observations is shown in brackets. 

The evidence so far obtained suggests that actions of thyroid hormone on 
the blood pressure may be due to reduction in the activity of blood-vessel 
amine oxidase. 

REFERENCES 


Burn, J. H. & Spinks, A. (1952). J. Physiol. 116, 46 P. 

Gerlei, F. (1938). Endokrinologie, 19, 387. | 
Goetsch, E. (1918). N.Y. St. J. Med. 18, 259. 

Thompson, R. H. 8. & Tickner, A. (1951). J. Physiol. 115, 34. 


| The significance of the ciliary ganglion in the dilator action of 
nicotine on the cat’s pupil. By Brenpa M. ScHorieLp 


Comparative merits of ink-writer and cathode-ray oscillographs 
for electromyography. By W. F. Fioyp and P. H. 8. Srtver. 
Departments of Physiology and Anatomy, The Middlesex Hospital Medical 
School, London | 

In our electromyographic studies, communicated to the Physiological Society 

during 1949-51 (Floyd & Silver, 1950, 1951), we have used monopolar needle, 

concentric needle and surface electrodes to pick up muscle action potentials 
which have then been recorded with ink-writer* and cathode-ray oscillographs. 

We have usually preferred the former because the record is immediately 

available without the delay due to photographic processes necessary with the 

cathode-ray oscillograph; moreover, the running costs are less. The response 
characteristic of an ink-writer oscillograph is, however, inferior to that of 

a cathode-ray oscillograph. We consider it desirable, therefore, to put on record 

the results of our experiments which establish that there is no significant loss 

of electromyographic information in our application of the method. We have 
done this in two ways: 

(1) The determination of the response of the ink-writer to signals of known 
amplitude and waveform. 


(2) Simultaneous recordings of muscle action potentials by ink-writer and 
cathode-ray oscillographs. 


Results 


(1) Steady-state response. With a sinusoidal impressed force the response was 
constant in amplitude up to a frequency of some 50 c/s. Resonance occurred 


* Mervyn pens of the six-channel Ediswan electro-encephalograph. 
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between 50 and 70 c/s with not more than 70% increase in amplitude. Above 
resonance the response declined; at 100 c/s it was 25-35 % of the papers 


‘below resonance. 


Transvent response. With a square wave pulse the response was of constant 
amplitude for pulse durations of 100 to 10 msec, then declined as follows: 
Pulse duration (msec) 10 5 1 
Relative amplitude 1 0-7 0°17 
With a | specially shaped pulse closely resembling a motor unit action 
potential the response was as follows: 
Pulse duration (msec) 12-5 10 8-5 6-7 4-3 
Relative amplitude 1 1 0-67 0-44 0-22 
(2) Simultaneous records show that with the ink-writer there is no loss of 
significant information for monopolar needle or for surface electrode leads. 
We have always used cathode-ray oscillograph recording for concentric 
needle electrode studies, but the performance of the ink-writer is clearly just 
adequate even for motor unit recording. The maximum sensitivity of our 
equipment is thus some 10-40,,V according to the pulse duration, the lower 
sensitivity corresponding to a pulse of 2-3 msec. 
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The histaminase content of the rat uterus, and its relation to 
the decidua. By M. Roxserts and J. M. Rozsson. Department of 
Pharmacology, Guy’s Hospital Medical School 


The histaminase content of rat tissues has been estimated using the chemical 


method devised by Kapeller-Adler (1951). Of particular interest is the 
enormous increase in the histaminolytic power of the uterus and placenta 
which occurs during pregnancy (Table 1). Other tissues give relatively 
low values, ranging from <2 P.v./ml. for serum to 48 p.v./g for the lung 
and 49 p.u./g for the vagina. (1 P.u.=1 permanganate unit =destruction of 
0-46 ug histamine per hour at 37°C and a pH of 7-2.) 

Recently, Swanberg (1950), investigating human and animal pregnancy, 
claimed that placental histaminase occurs mainly in the decidual tissues of 
maternal origin. He suggests that the formation of this enzyme in the decidua 
is under the hormonal influence of progesterone. 

In our studies on the rat, we first demonstrated that treatment of oophor- 
ectomized rats with various hormones (oestradiol, 10 wg/day for 10 days; 
oestradiol followed by progesterone, 5 mg/day for 10 days; and deoxycortone 
acetate, 5 mg/day for 10 days), produced no significant effect on the hist- 
aminase content of the uterus. | 
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In two rats unilaterally pregnant, it was found that the usual large increase — 


of histaminase occurred in the pregnant horn of the uterus (538 and 
2660 P.v./g), but not in the non-pregnant horn (136 and 250 P.v./g). 


TaBLE 1. Histaminase content of rat tissues (P.U./g wet tissue) | 
Pregnant Post-partum 


ectomized oestrus dioestrus days days days term day days 
Uterus 124(10) 86(9) 102 (9) 1920 2456 1240 550 393 144 
66 (5) 904 


Placenta. 4400 3267 976 678 
1042 


in. number of rate aed in 


_ Deciduomata were induced in the left uterine horns of pseudopregnant rats 
by the method of Astwood (1939). In some of these experiments, decidual 
tissue was separated from the uterine muscle, and the two tissues analysed 
independently for histaminase. Values for the muscle alone (100 and 
105 p.v./g), for the deciduomata alone (689 and 441 p.v./g) and for the whole 
left horn containing deciduomata (280 and 212 P.v./g) were higher than those 
for the control right horns (50, 64 and 20 p.v./g). 
| Clearly, histaminase production is stimulated by deciduoma formation, and 
increase in enzyme activity is most marked in the decidual tissue. 
This work has been aided by a grant from the Medical Research Council. 
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| Oxygen uptake of divers and frogmen. K. W. Donap and W. | 


DAVIDSON 


Studies on negative and positive work in man. By E. Asmusszn 


Neurohaemodynamics of acute pulmonary oedema. By STaNnLEY 
J.Sarnorr. Harvard School of Public Health 


Observations were made in rabbits and dogs of the haemodynamic ehanges 
that follow the intracisternal injection of thrombin and fibrinogen by the 
method of Cameron & De (1949). Pressures were measured in the vena cava, 


pulmonary artery, left auricle and aorta and registered mecmemonnand with 
total aortic flow in the dog. 
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Soon after medullary stimulation with thrombin and fibrinogen, it was 


found that: 


(1) Pressures rose in the inflow and outflow tracts of both sides of the heart. 


_ Left auricle pressure sometimes exceeded 70 mm Hg. 


(2) Total aortic flow was restricted and peripheral vascular resistance rose 


strikingly. Pulmonary resistance changed relatively little. 


(3) Vagotomy prior to medullary stimulation did not prevent the left 


- auricular hypertension. Vagotomy after medullary stimulation produced 
a further rise. 


(4) Pulmonary denervation did not prevent the rise in pulmonary vascular 
pressures. | 

(5) Saline infusion (10 c.c./kg in 1 min) did not cause a significant elevation 
of left auricle pressure prior to medullary stimulation (<2 mm Hg) but 
caused a striking elevation (>20 mm Hg) after it. 

(6) Ganglionic blockade of sympathetics to the peripheral vascular bed by 
means of Ro 2-2222 was followed by a prompt return of pulmonary vascular 


_ pressures to normal and an elevation of total aortic flow. 


Further work on dogs was done to establish the pressure volume relationship 


_ of the pulmonary vascular bed and further confirmation was derived from 


a technique which made possible the continuous im vivo estimation of changes 
in pulmonary blood volume. It was found that following medullary stimula- 
tion, pulmonary blood volume increased and returned to control levels 


following sympathetic blockade. 


It was concluded, therefore, that medullary stimulation with thrombin 


: and fibrinogen produced severe peripheral vasoconstriction which increased 


peripheral resistance to a point above the work-failure threshold of the left — 


ventricle, and decreased peripheral blood volume. The latter was accompanied 
_ part passu by an increase in pulmonary blood volume, a corresponding 
- increase of pulmonary vascular pressures and a restricted cardiac output. 


Peripheral vasodilatation reversed these phenomena. Evidence will be pre- 
sented which suggests that increased peripheral resistance is responsible for the 


_ restricted flow, and the decreased volume of the systemic vascular bed is 
_ responsible for the elevated pulmonary blood volume and pulmonary vascular 
pressures. 


It was found interesting that significant control of the volume and pressure 


of blood in the lung could be exerted bY nerve impulses over sympathetics 
to the vascular bed. 
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- The mode of action of a mercurial diuretic in the human subject. 


By R. A. Daze and P. H. SanpERson 
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Conduction velocity of single respiratory and cardiovascular 
afferent fibres in the cervical vagus. By A. 8. Parnrau.* Depart- 


ment of Physiology, University of Edinburgh 


The main difficulty in the measurement of the conduction velocity of a single — 


afferent unit, when using an artificial stimulus applied to the nerve trunk, is 
that the preparation should contain only one living fibre. This was often 
achieved by dissecting the vagus under paraffin with greater magnification 
( x 36) than that ordinarily used. 


Fig. 1. Conduction velocity of a depressot fibre. Upper two tracings, to be read from right to left, 
show single sweeps of time marks in milliseconds and evoked impulses, Lower tracings: 
£.0.G. and record of the single unit. Arrows indicate position of a spontaneous — 
Conduction distance, 58 mm. 


The criteria used for ascertaining that the evoked spike originated from the 
same fibre which yielded the single unit were that it should be ‘all or none’ 
and resemble in every way the spontaneous spikes when both were examined 
in detail on an expanded sweep. Further confirmation was obtained by the 
absence of the evoked spike when it fell within the refractory period of a pre- 
ceding spontaneous impulse. Using these methods the conduction velocity of 
various afferent fibres at a mean temperature of 38° C was as follows: 


No. of Range eS 
Type of afferent fibres (m/sec) Mean 8.D. 
Pulmonary stretch afferent 42 14-61 34 1l 
ae afferent 12 21-46 32 8 
Pulmonary vascular afferent 9 8-23 13 5 
(Whitteridge, 1948) 
Afferents from the veins 4 13-25 20 5 


Further, a group of mostly unidentified fibres with conduction velocities of 

_ 2-10 m/sec was found, among which were recognized chemoreceptor and 

deflation afferents, both apparently unaffected by phenyl diguanide; and fibres 

that responded by a continuous discharge to 100 ug phenyl diguanide i.v. but 

were unaffected by inflation, deflation, or by administration of nitrogen or 

_ carbon dioxide. These could be the fibres responsible for the amidine reflexes 
(Dawes, Mott & Widdicombe, 1951). 
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The ranges of conduction velocity of the various afferents show a considerable 
overlap; it would therefore be surprising to find that any one class of fibres 
could be excited by selective stimulation (Wyss & Rivkine, 1950). 
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Acetylcholine and benzoylcholine. By A. Axcasu, Y. K. Suma and 


G. B. West. Department of Pharmacology and Therapeutics, University of — 
St Andrews Medical School, Dundee 


Benzoylcholine is said to possess strong nicotine-like and weak muscarine-like 
properties. Experiments on the Straub frog heart, rabbit auricles, and rabbit 
and guinea-pig gut also show an atropine-like action and an atropine-resistant 
stimulant effect. On the isolated tracheal chain of the dog or cat, an additional 
property of potentiating the constrictor action of acetylcholine has been 
observed. 

Small doses of potassium reduce the atropine-like property of benzoy]l- 
choline. In most preparations the potassium effect can be neutralized by 
equivalent amounts of calcium. Acetylcholine stimulates the rabbit auricles 
in the presence of excess calcium and benzoylcholine. On the frog heart, 
benzoylcholine like calcium produces stimulation in normal Ringer solution 
and in Ringer containing low concentrations of calcium and potassium ions; 
but in calcium-free Ringer, calcium restarts the. beat although benzoylcholine 
does not; both calcium and benzoylcholine are ineffective in the absence of 
potassium ions. 

These findings suggest that the action of benzoylcholine on the acetylcholine | 
response may be related to ionic or permeability changes within the cell. 
Benzoylcholine may therefore assist in elucidating the mechanisms by which 
acetylcholine produces its characteristic actions. 
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_ An inexpensive time-marker (single impulse and 100 c/s) and 
i vibrator. By J. B. E. Baker and G. E. Kine. Department of 
Physiology, Charing Cross Hospital Medical School, London, W.C. 2 


The cost of electrically operated impulse markers for kymograph recording is 
out of proportion to the essential simplicity of their construction, and their 
current consumption is usually too great to allow of more than two being 
operated simultaneously from the standard type of timing device available 


in physiological laboratories. By the simple modification of a high-speed 
relay (Siemens type 73) a marker can be quickly made costing between six 
and nineteen shillings according to whether bought from government surplus 
stock or from the makers. The diagram shows the modifications to be effected, 
parts of the relay not needed appearing in broken outline. 
_ The only necessary additions are connecting flex, glass capillary writing 
point secured by Chatterton’s compound, and a handle suitable for fitting 
into a closed ‘X’ block or a bosshead. This handle should have one end flat, 
with a hole drilled for a screw to secure it to the existing hole (H) which is 
d 
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already tapped. The amplitude of mark is controlled by the screw (S) which 
presses on the buffer plate (B) so as to deflect the armature (A) away from the 
pole-piece (P). For marking at 100 c/s the armature must be far enough 
above P not to strike it during vibration, but for use as a vibrator in pre- 
venting excessive friction between writing points and smoked paper (e.g. frog 
rectus recording), the armature should be able to rebound off P when activated. 

The electromagnet coils, wired in series, are available at various resistances 
from about 145 to 1000 Q each. We have used those of 500 Q each and found 
a d.c. voltage of 4-6 to be enough for single-impulse recording, and an a.c. 
voltage of 8-12 for marking at 100 c/s or for use as a vibrator. Using such 
markers of 1000 Q total resistance each, with d.c. of 1 A at 6 V, then 166 
markers could be operated in parallel, or with a.c. of 1 A at 12 V (bell trans- 
former), half that number could be — 


Bice cai and histochemical observations on the retina. 
By C. M. Francis 


An oil-operated microelectrode manipulator. 
By B. H. C. Matraews 


Combined reflex and direct current stimulation of motor neurones. 
By Jesus ALANIs 


Hydraulic models relating to analysis of sound by the cochlea. 
By B. H. C. Matruews. Physiological Laboratory, Cambridge 

The Helmholtz theory contained two propositions: 

(1) that analysis of sounds occurs by the locus of the Misurbance of the 
basilar membrane (now called the place theory); 

(2) that this was achieved eer the mechanical resonance of the fibres of the 
basilar membrane. 

The first has received very extensive experimental support. The second 
has received little direct support, and in the light of Bekésy’s (1947 ) observa- 


tions, especially of the absence of the necessary high tension in the basilar 
membrane, appears no longer tenable. 


The fluid column in the scala vestibuli and eiiaieant that must be set in - 


motion has often been considered to add loading and damping to the basilar 


fibres. But from the present model experiments it appears that it is an 


important factor in place analysis (see also Ranke, 1942). 
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If two parallel tubes communicate by a slot and the fluid in them is set in 
vibration from a plunger in one tube, the motion is transferred to the open 
end of the other via the slot. The whole is made of Perspex, and the fluid 
motion in the slot is made visible by adding fine starch grains viewed by 
a microscope with dark-ground illumination; the amplitudes of motion are 
measured with a micrometer eyepiece. 

With a high frequency of applied vibration the motion in the slot is con- 
fined to the part near the plunger; as the frequency is lowered, the motion 
involves the fluid in the more distal parts as well. If the slot is made to 
increase in width towards the distal end, a position of maximum amplitude 
occurs and this moves along the slot as the frequency is altered. 

The model is symmetrical and division down the centre slot ee @ simpler 
model and enables motion to be seen more clearly. 

Thus a type of place analysis can be demonstrated resulting only from the 
mass of the fluid column and resistance of the slot causing steep wave fronts 
(high frequency) to avoid paths of high mass and low resistance, while slower . 
pressure changes (low frequencies) move greater m mass of fluid a path of 
lower resistance. 
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A blood outflow recorder. By W. H. Horner AnpRews. 
Department of Medicine, Liverpool School of Tropical Medicine 
In the course of perfusion experiments on isolated livers it became apparent 
that existing simple outflow recorders are not entirely. satisfactory. A new 
outflow recorder was therefore designed which eliminates some of the faults 
of its predecessors and which is convenient and clean in use. It is based on 
the same principle as the Gaddum outflow recorder. Blood flows continuously 
into a chamber, the outflow from which is prevented during definite periods 
of time. The amount of blood flowing in while the outflow is stopped is 
estimated by measuring the volume of displaced air by means of a recorder 
writing on smoked paper. Calibration is necessary. 
The chamber is closed when the metal bar is attracted by the solenoids, 
the current through which is controlled by a make-and-break device, such 


_ asa rotary key. While the current is flowing, the piston is depressed, closing 


both the blood exit and the upper hole, whose purpose is to provide equili- 

bration with atmospheric pressure during changes in the rate of blood flow. 

Both are opened when the current ceases, the spring drawing the piston 
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upwards. Provided the writing recorder is properly balanced only small 
quantities of air are drawn through the equilibration hole and the effect on 


the blood CO, concentration is too slight to be detected by the micro-diffusion _ 


method of Conway (1947). 
Spring 
| solenoids 
washer 
Equilibration h 
volume recorder | | 
Blood inflow ; Piston 
dct: Rubber washer L 


I am indebted to Mr E. W. H. Ellis for suggesting certain modifications and to Mesars Palmer 
(London) Ltd. for producing the original model. The expenses were defrayed from the Holt 
Research Grant awarded by Messrs John Holt and Co. (Liverpool) Ltd. 
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A transparent electrical screen. By W. A. H. Rusutoy. 
Phystologwal Laboratory, University of Cambridge 
Electrical recording at high amplification generally needs screening, and metal 
sheets are commonly employed. These have the drawback that the pre- 


paration investigated becomes invisible. A certain compromise is reached by" 
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the use of fine wire netting. But practically perfect transparency and perfect 
screening may be secured by a thin layer of electrolyte between glass plates. 
The demonstration shows a double-walled glass box with a solution of ZnSO, 
about 2 mm thick between the walls, the solution being earthed by contact 
with a small piece of zinc which passes out through the sealing wax round the 
glass. The solution has not apparently leaked in half a year, the transparency 
is good and the screening excellent. 


Apparatus for analysing the light reflected from the eye of the cat. 
By W. A. H. Ruston. Physiological Laboratory, University of Cambridge 


We are all familiar with the green glow from cats’ eyes caught in the beam of 
a car’s headlights. The glow is chiefly reflexion from the green tapetum behind 
the retina, and since this light has passed twice through the retina, it might 
yield a quantitative measure of the amount of visual purple present. The 
effect to be observed is bound to be small, and the light employed must be 
dim, otherwise the visual purple will be destroyed. It has thus seemed 
important to pay some attention to the principles of design. 


Light from a source S is rendered parallel by the lens Z, and falls upon the 
sheet of plain glass AB at the polarizing angle, so that about one-quarter is 
reflected‘ and the rest transmitted. These two beams are each returned to 
a photon multiplier tube 7, the first beam after reflexion in the eye, the 
second after traversing twice a neutral wedge W and reflexion at the plane 
silvered mirror M. The absorption in the eye is measured by the setting of W 
required for the two beams to match. A large area of the retina is involved, 


~~ and all the light emerging through the pupil is collected in the photocell 
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(except for surface reflexions) if the eye is so arranged that the (dilated) pupil 
is just filled with light, and if by means of L,, L, is focused upon the retina. 

Now in order to compare the two light beams there is interposed between 
S and L,, in addition to neutral and coloured filters F', a piece of polaroid P 
mounted in the centre of a ball race so that it may be rotated at some 
40 rev/sec by a pulley drive. Since the light reflected from AB is completely 
plane polarized, the light energy entering the eye will be proportional to 
sin? 0, where @ is the angle of the polaroid measured from the position giving - 
extinction of light to the eye. Light is reflected by the tapetum diffusely, and 
so the light received by the photocell from the eye is also proportional to 
sin? @. The light received from the comparison pathway may be appreciated 
by tracing it backwards. It is reflected in AB at the polarizing angle, and 
hence, in the absence of the }-wave plate C, the light received would again be 
proportional to sin? §. But since C is mounted with its axis at 45° to the plane 
of the paper, the light which passes through it twice has its plane of polari- 
zation rotated through 90°, and consequently the energy received from this 
path will be proportional to cos*@. Thus the total light received by the 
photocell is 

a sin® +5 cos? 0. 


The first term is the light from the eye and the second that from the com- 
parison pathway, where b may be altered by moving the wedge. It is adjusted 
so that a=), giving 

a (sin? cos* 0)=ax 1. 


The output from the photon multiplier tube after condenser-coupled amplifi- 
cation gives a sine wave of frequency 80 per sec and amplitude (a—b) which 
may readily be adjusted to zero. 

By means of this null-point design the eye may be matched to the wedge 
setting, independently of variations in the brightness of the light, the frequency 
of the motor or the sensitivity of the photocell and amplifier system. 


A perspex drop-chamber. By 8. M. Hitton. Physiological Laboratory, 
Unwersity of Cambridge 
When venous outflows are measured with a drop-recording unit, it is usual to 
collect the blood in a container and subsequently to re-infuse it into the 
animal. This procedure considerably upsets the pressure relationships within 
the vascular system, and, moreover, marked evaporation takes place. 
In order to achieve more physiological conditions, the blood is passed in 
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a closed circuit through the chamber illustrated in Fig. 1, the selected vein 
having been cannulated with two lengths of polyethylene tubing. The drops 


of blood, falling in air, are momentarily in contact with the electrodes, and 
the rate of formation is recorded as usual in any convenient way. 


Apparatus for the study of rapid reactions. By Q. H. Grsson. 
Department of Physvology, Uniwersity of Sheffield 

In the apparatus, which is similar in principle to that of Chance (1950), the 
reactants are injected from syringes through a four-jet mixing chamber into 
a 2. mm observation tube. The moving reaction mixture carries with it a light 
piston, one end of which is ground to fit a seating placed at the end of the 
observation tube. When the piston reaches its seating the flow of reaction 
mixture is stopped sharply, and the reaction proceeds to completion in the 
stationary fluid. It is followed by passing a beam of light through the observa- 
tion tube on to a photomultiplier whose output is applied to a cathode-ray 
oscillograph. The apparatus differs frofn that of Chance in using higher rates 
of flow and having means of stopping the flow suddenly, so that the time 
_ between mixing of the reactants and the beginning of ‘stopped flow’ observa- 
tion is reduced from about 50 msec to about 3 msec. The gap in observation 
between 10 and 50 msec after mixing, which, in Chance’s apparatus, corre- 
sponds to the transition from ‘moving flow’ to ‘stopped flow’ operation, is 

thus covered. The sensitivity of the apparatus is, however, about one-tenth 
of Chance’s, and it has been applied to measure relatively large changes in 
light absorption. In practice it has been found possible to determine the 
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proportion of the reaction which has taken place at any time within 1-2%,. 

The piston which arrests the flow has a light lever attached to it with a flag 
moving in the path of a beam of light falling on a second photomultiplier. 
The output from this photomultiplier is applied to the second channel of the 
oscillograph and provides a record of the rate of travel of the reaction mixture 
and of the moment of arrest of flow. The syringe driving unit and the recording 
units are mounted on separate castings to reduce transmission of vibration, 

and interchangeable housings for RCA 931A and E.M.I. Type 5659 Photo- 
multipliers are provided. 


The construction of this apparatus has been aided by a grant from the Royal Society. The 
author wishes to thank Mr C. D. Stewart and Mr F. Ross who built it. 
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Some observations on vascular responses in the rabbit’s ear. 
By 8S. M. Hiztron and Pameta Hotton.* Physiological Laboratory, 
University of Cambridge 

Changes in the amount of blood in a rabbit’s ear have been recorded by 

a photoelectric method (Holton & Perry, 1951), and, at the same time, the 

venous outflow has been measured by means of a perspex drop-chamber 

(Hilton, 1952). 

The photocurrent is affected predominantly by changes in the patency and 
diameter of the smallest vessels (mainly capillaries), whereas the volume 
outflow indicates the state of the vessels presenting the main resistance to 
flow. The simultaneous use of both methods thus allows more precise in- 
formation to be obtained than is possible with either method alone. 

Arterial injections of small doses of histamine give rise to capillary dila- 
tation (sometimes preceded by constriction), during which the flow may be 


considerably reduced. Similarly, small doses of adrenaline often cause a 


capillary dilatation, while the flow is unaffected or slowed. These results would 
be expected in view of the observations made by Dale & Richards (1918), and 
they serve to emphasize that the terms ‘vasoconstriction’ and ‘ vasodilatation’ 
must be used with care. 

* Beit Memorial Research Fellow. 


This work was done during the tenure of a personal grant to S.M.H., ne 
to P.H. from the Medieal Research Council. 
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A new technique for enumerating active sweat glands in man. 


_ By Sutarman* and M. L. Tomson. Department of Applied Physiology, 
London School of Hygiene and Tropical Medicine 


During attempts to count human eccrine sweat glands it was discovered that 
counts of functioning glands could readily be obtained from plastic im- 
pressions of the skin made while sweating. 

The photographs are of impressions obtained by applying to the skin 
a 2-4% (w/v) solution of polyvinyl formal (formvar) in ethylene dichloride 
containing 1% of butyl phthalate as plasticizer; the impressions are detached 
with Sellotape after drying and mounted on microscope slides. Surface 


Fig. 1. , “Rig. 2. Fig. 3. 

Fig. 1. Plastic impression of skin of interscapular region before commencement of sweating 
showing skin ridges and sebaceous glands (ringed with white) in negative relief. Reflected 
light. 

Fig. 2. Sketch of main features of Figs. 1 and 3. a, sebaceous glands; b, grooves. 


_ Fig. 3. Plastic impression of the same region as Fig. 1 while sweating. The same features are 


shown and, in addition, holes caused by the activity of eccrine sweat glands. Reflected light. 


markings on Fig. 1 can be readily identified with those on Fig. 3, and the 


. relationship of the eccrine sweat glands to the skin ridges and sebaceous 


glands can be ascertained. It has been checked by Minor’s (1927) method that 
the holes in the plastic correspond with the site of sweat-gland ostia. 

In addition to showing these topographical relationships, this method has 
the following advantages. The same sweat glands can be traced through 
a series of impressions made at intervals on the same skin area enabling 
a better estimate of the total number of sweat glands, as opposed to the 
variable number which are active at any moment. Counts can be made at 


2 higher rates of sweating than with the methods of Minor (1927) and Silverman 


& Powell (1944) because the present method does not require the application 


* British Council Research Scholar, School of Medicine, Djakarta. 
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and subsequent drying of a reagent before the print is made: It is also possible 
to count accurately the sebaceous glands on the same impressions by taking 
advantage of the characteristic shape of their reliefs. The record obtained is 
permanent and will show the surface contour of the skin in diseases such as 
tropical dyshidrotic asthenia, where the relationship of the eccrine and 
sebaceous glands to papules is of importance. _ 

It is of interest that reliefs of eccrine sweat glands are occasionally seen 
together with active glands in the same impression, and also where sweating 
is absent, showing that in some cases the related sweat gland ostia must have 
been patent. 


Our thanks are due to Dr C. M. Davies of the Medical Research Council Environmental Hygiene 
- Research Unit for constructive suggestions and to Messrs Shawinigan Ltd. for supplies of formvar. 
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pote of an interference microscope. By A. F. Hoxuey. 
Physiological Laboratory, Unwwersity of Cambridge 
Various specimens of physiological interest will be shown under an inter- 
ference microscope which has been constructed in the laboratory by adding 
a small number of optical components to a standard polarizing microscope. 
‘The instrument operates on a principle which has been described by Smith 
: ats niger A Wollaston double-image prism below the condenser causes 


D E G H J K 

Fig. 1. Diagram of optical arrangement (not to scale). A, polarizer; B, iris diaphragm; C, quartz 
Wollaston prism, with optic axes indicated; D, condenser (similar to objective); Z, object 
plane; F, specimen; G, objective (Beck, 10 x, n.a. 0-17); H, Wollaston prism; J, analyser; 


J, collimating lens; K, eyepiece, The phase difference between the beams is adjusted by 


' displacing the prism C in the direction of the arrow. 


the source of light to illuminate two areas in the plane of the specimen. These 
two beams are polarized in directions parallel and perpendicular to the plane 
of the diagram (Fig. 1) and are coherent because the light first traverses a 
polarizer set at 45° to this plane. The two beams are recombined by another 
Wollaston prism above the objective. If the instrument is adjusted so that 
there is no path difference between the beams, the recombined light is plane 
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polarized and is extinguished by the analyser, which is crossed with the 
polarizer. The specimen (unstained) is then placed in one of the beams, 
leaving the other (the reference beam) clear. Any region of, say, high re- 
fractive index in the specimen retards the light in comparison with that which 
traverses the corresponding part of the reference beam, so that a component 
of the recombined light passes the analyser and makes the corresponding 
region of the image appear bright on the dark background. Phase differences 
in the light leaving the object are thus converted into intensity differences i in 
the image. 

This instrument is considerably more sensitive than a phase-contrast 
microscope of ordinary design, but it also has two further advantages over 
phase contrast which are of greater importance. These are: 

(1) The brightness seen at any point in the object depends only on the 
path difference at that point, and not on contrast with neighbouring points. 

(2) Path differences can be measured by altering the relative phases on the 
two beams with a compensator until the part of the object where the path 
_ difference is required appears black, the background becoming bright. In the 
instrument being shown, this is achieved by displacing the lower double- 
image prism. Davies & Wilkins (1951, 1952) and Barer (1952) have shown 
that path differences measured in this way in a cell immersed in isotonic saline 
are approximately proportional to the dry weight per unit area, irrespective 
of the exact chemical composition. 

The instrument in its present form has the following limitations: 

(1) The field of view is small. 

(2) There must be a clear area on the slide at a suitable distance from the 
_ specimen for the reference beam to pass through. 

(3) The objective is of low aperture (10x, n.a. 0-17). 

The first two of these will not usually be serious in measurements on single 
cells. Work is in progress on a high-aperture system, in which auxiliary lenses 
are needed in order to focus an image of the lower Wollaston _— on to the 


upper one. 
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Measurements on diffraction spectra of single apace fibres. 
By A. F. Hvxiey 
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Methods of investigating sodium transport in Sepia axons. 
By A. L. Hopexin and R. D. Keynes 


The visual receptors of the bleak. By Karuarine Tansiey 


A simple model to show excitation and propagation. 
By W. Grey WaLTER 


Ipsilateral impairment following area 4 lesions in monkeys. By 
J. Couz and P. Giers. University Laboratory of Physiology, Oxford 
We have previously assessed quantitatively the contralateral impairment in 

the use of the hand after small lesions in the hand region of area 4 in monkeys 
(Glees & Cole, 1950). An ambidextrous Macaca nemestrina enabled us to 
measure the degree of both contra- and ipsilateral loss after multiple small 
lesions in area 4. 7 

The first operation was performed on the left hemisphere and resulted in 


loss of motor power in both hands, greater in the right than the left, thus | 


confirming Fulton’s (1932) work on the chimpanzee. Subsequent recovery of 
motor power both began and was complete earlier in the left, i.e. the 
ipsilateral, than in the right hand. When both hands were fully recovered, 
multiple lesions were made in area 4 of the right hemisphere. This too resulted 
in measurable impairment in both hands, this time greater in the left than 


in the right; again recovery of motor power appeared and was complete 


earlier in the hand ipsilateral to the lesion. 

Tests with our dexterity board (Cole, 1952) were carried out on the right 
hand after both operations. After the first on the left hemisphere, marked 
impairment resulted which showed partial but incomplete recovery. After 
the second operation (that on the right hemisphere) fresh loss of skill appeared, 


but recovery took place to the level of performance immediately preceding 
the second operation. 


The occurrence of ipsilateral impairment was confirmed in a right-handed 


M. mulatta and the number of degenerated fibres involved counted on both 
sides of the cord; about 15% of the total fibres were ipsilateral. 
_ Ipsilateral representation as revealed by our experiments may be respon- 
sible for the preservation of movements in cases of hemispherectomy (Cairns & 
Davidson, 1951) and supports the views expressed by Gooddy & McKissock 
(1951). 
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On the functional stability of the retina. By E. J. Denton and 
M. H. Prrenne. Physiology Department, University of Aberdeen 
On the basis of measurements of the visual threshold of Xenopus laevis for 
continuously exposed fields 30° in diameter (Denton & Pirenne, 1951), it may 
be calculated that a response can be produced by a retinal illumination such 
that each rod is struck on the average by one quantum of A=0-55yu every 
4 sec. For man, the corresponding figure for the absolute threshold is one 
quantum of A=0-5ly per rod every 1000 sec. Since such feeble stimuli are 
effective, it seems probable either that the rods are not undergoing spon- 
taneous excitation at a high rate or that such excitation is different from that 
_ caused by light. Although the eye is insensitive to its black-body radiation 
(Fick, 1879; Pirenne, 1951 a), the fineness of the rod nervous processes might 
have led one to expect ‘biological noise’ (Fatt & Katz, 1950) to occur in them. 
In the human eye, the differential threshold AJ increases rapidly with the © 
background intensity J, even when J is near the absolute threshold. Thus 
Kénig & Brodhun (1888) found for a field 3° x 44° that if when J=0, AJ =AJ, 
(absolute threshold), then when J =20 x AJ,, A[=10xAJ, This would hardly 
be understandable if the background of spontaneous excitation were equivalent 
- to more than the feeble excitation taused by light at the absolute threshold. 
It was found in Xenopus that a temperature rise of 20° C did not affect 
significantly the absolute value of the threshold for 0-55u. In experiments 
made on different days, the log threshold in arbitrary units was: at 9° C, 
3-1, 3-0, 3-5, 3°3; at 29° C, 3-2, 3-0, 2-9, 3-1. These results refer to a field 1° 40’ 
_ in diameter, 100 quanta striking a given rod every second. 
An independent line of argument has shown that, compared to quantum 
fluctuations, biological variations play only a minor role in experiments on 
the probability of seeing a near-threshold flash of light (Hecht, Shlaer & 
 Pirenne, 1942; Pirenne, 1951). 
Thus, even though spontaneous activity is often observed in electro- 
physiological work on the retina, the above considerations suggest that the 
visual system, when functioning under the best conditions, is not only very 
sensitive but is also very stable. 
_ Weare greatly indebted to the Medical Research Council for their support of our experimental 
work, 
REFERENCES 


Denton, E. J. & Pirenne, M. H. (1951). J. Physiol. 115, 66 P. 

Fatt, P. & Katz, B. (1950). - Nature, Lond., 166, 597. 

Fick, A. (1879). In Hermann’s Handbuch der Physiologie, Band 3, Theil 1, p. 182. Leipzig: Vogel. 

Hecht, S., Shlaer, S. & Pirenne, M. H. (1942). J. gen. Physiol. 25, 819. 

. Konig, A. & Brodhun, E. (1888). S.B. preuss. Akad. Wiss. p. 917. 

 Pirenne, M. H. (195la). Research, 4, 508. 

Pirenne, M. H. (19516). In Progress in Biophysics, 2, 193, ed. Butler, J. A. V. & Randall, J. T. 
London: Pergamon Press. 


ry 
: 
aw 
q 
a 
4 
4 
4 


56 P PROCEEDINGS OF THE PHYSIOLOGICAL — 


The source of the corneal nerve fibres in the cat. By Karatzen 
M. A. R. and F. C, Ropcrr. Department of 
Medical School, University of Durham 


It is generally accepted that the cornea is supplied entirely by pain fibres 
from the ophthalmic division of the trigeminus. Less well known are the 
various conceptions and arguments put forward as to other probable sources: 
that the maxillary division supplies the lower cornea (Jefferson, 1931); that 
autonomic fibres co-exist with the sensory (Behr, 1927; Knapp, 1929; Dandy, 
1925; Boeke, 1935; Nageotte & Guyon, 1938; Marchesani, 1948); and that 
large multipolar ganglion cells and their processes may be present (Zander & 
Weddell, 1951). 

Intracranial neurectomy was performed successfully on fourteen cats and 
cervical sympathectomy on two. The weights of the animals ranged between 
2 and 5 kg. 


Nitrous oxide and oxygen were passed over chloroform or trilene in 


different animals. The cats receiving chloroform seemed to do slightly better. 

The technique involved trephining the skull and enlarging towards the 
temporal fossa, the nerves being then sectioned under direct vision. Finally, 
central tarsorrhaphy was performed on the operated side, the entire procedure 
averaging 60 min. The animals were sacrificed at different times ranging 
from 6 to 21 days after operation. 

The sectioned nerves and the adjacent cranial nerves were examined histo- 
logically after death, and both corneas, operated and non-operated, stained 
vitally with methylene blue. They were then carefully compared, and photo- 
graphed, prior to fixation. : 

No degeneration was seen in the corneas after cervical sympathectomy 
and maxillary or oculomotor neurectomy. Complete degeneration occurred 
after ophthalmic neurectomy, however, both proximal and distal to the 
cavernous sinus. 

There seems, therefore, no longer any reason to doubt the popular belief 
that the cornea is innervated by the ophthalmic nerve only, and it seems 
certain that none of the ancillary fibres eee: themselves to this nerve 
passes beyond the limbus. | 
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A new visual pigment absorbing maximally at 510 my. By H. J. A. 
DaRTNatL. Growp for Research in the Physiology of Vision, Medical 
Research Council, Institute of Ophthalmology, London 


Visual pigment solutions, prepared from retinae of dark-adapted bleak 
(Alburnus lucidus), have absorption characteristics lying within the limits 
given in the literature for ‘visual violet’. Nevertheless, by the Method of 
Partial Bleaching it has been found that they contain a mixture of photo- 
sensitive substances. 


80 400 420 0 460 480 S00 520 540 560 580 600 | 
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‘Fig. 1. Comparison of the difference spectra of visual pigments 502 and 510. 
502 ex Rana temporaria; x, visual pigment 502 ex Rana esculenta; © and @, visual pigment 
510 ex Alburnus lucidus. All results plotted as percentages of their respective AD... . 

___ By exposure to light of long wave-length a red-sensitive component, con- 

sisting principally of visual pigment 533, can be preferentially removed. The 

remaining red-insensitive component can then be bleached by expovere to 
light of shorter wave-length. 

Bleaching the red-insensitive component in stages reveals that it is a single 
pigment (A,,,,.=510+3 my). 

This pigment has a difference spectrum similar to, but significantly distinct 
from, that of visual pigment 502 (the ‘visual purple’ of Rana temporaria and 
R. esculenta) (see Fig. 1). 

Visual pigment 510 follows Beer’s and Lambert’s Li of light abstention, 
has a photosensitivity comparable with that of visual pigment 502 and a 
similar thermal stability. Its difference spectrum, when plotted on a frequency 
scale, is of the same shape as those of all known visual pacar Like pagel 


it partially — in darkness after bleaching. 
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Nerve impulses ‘in the locust in response to visual stimuli. By 


K. T. Burtt and W. T. Carron. Departments of Zoology and Physiology, 


King’s College, Newcastle-upon-Tyne 

Parry (1947) reported large action potential spikes in the circum-oesophageal 
nerves of the locust in response to movement of objects in the visual field of 
the compound eye. We have found similar potentials in the ventral nerve 
cord of the locust, as far down as the 3rd thoracic ganglion, but not farther. 
A few fibres much larger than the rest have been identified in sections of the 
nerve cord. Potentials arose in response to two types of stimulus: (a) switching 
on or off the general illumination (insect in a darkened cage), and (b) move- 
ment of objects across the visual field of a compound eye. Experiments have 
been carried out on the second type of response in an attempt to assess the 
acuity of movement. perception of the locust. The minimum angular move- 
ment of a point source of light with respect to the eye which gave a detectable 
response was found to be about }$° in both vertical and horizon¥al planes. 
The angular divergence of the optical axes of adjacent ommatidia, measured 
by a simple optical method, was found to be about 1° in the vertical and 2° 
in the horizontal plane. 


, REFERENCE 
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The spectral sensitivity curves of human red and green receptors. 
| G. 8. Brinpiey and E. N. 


An attempt to produce continuous stimulation of the vagal — 


innervation of the stomach by phrenic-vagus anastomosis in 
dogs. By Pameza A. W. T. Carron, T. Hestor, 
B. Scuorie.p and D. E. Wricut. Buckston Browne Research Farm, and 
Department of Physiology, Medical School, King’s College, Newcastle-upon- 
Tyne 
In the experimental investigation of peptic ulceration, no one has yet pro- 
duced chronic ulcers by stimulation of the vagus nerve. This is probably 
because the techniques so far employed fail to give continuous stimulation of 
adequate duration. We have attempted to secure this by directing the dis- 
charge from the respiratory centre on to the gastric vagal endings. 

The technique of phrenic anastomosis to obtain continuous stimulation 
was originated by Binger, Cannon & Fitz (1914). Jefferson, Necheles & 
Phillips (1950) have applied it to the gastric vagus. They studied motility 
only and found no ‘evidence of excitation of the stomach musculature by 
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respiratory discharges. At 20 months they found in two dogs a gastric motor 
response to electrical stimulation of the anastomosed nerve, but only when 
applied below or within 2 cm above the anastomosis. No gastric abnormality 
was found post-mortem. 

We have made unilateral (left-sided) anastomoses between the central end 
of the phrenic nerve and the distal end of the vagus, about 5 cm above the 
diaphragm, in three dogs equipped with Mann-Bollman gastric fistulae. A 
fourth, with no fistula, had bilateral anastomoses. All four animals remained 

in good health and gained weight. The basal secretion of the three fistula dogs 

_ was sampled weekly for periods of 18-21 months. Acid and pepsin were 
determined and no changes suggestive of functional somatic-autonomic 

anastomosis were found. 
_. Terminal experiments were then performed on two fistula dogs. There was 
no gastric secretion on stimulation of the anastomosed phrenic in the neck, 
and evidence from electrical recording of the passage of phrenic impulses into 
the fine gastric vagal branches was not obtained. The last two dogs were 
destroyed at 33-34 months. No stimulation was performed, and phrenic type 
impulses were recorded from the vagus nerve as far as 5cm below the 

anastomosis where the trunk divides up into small branches. 
_ No post-mortem change was found other than atrophy of the diaphragm. 
The stomachs were histologically normal. The initial failure to record im- 
pulses was probably due to technical difficulties, since the anastomoses were 
surgically satisfactory and histological evidence showed good growth of 
phrenic type fibres into the vagal distribution on the stomach in all four dogs. 
_ The failure of these fibres to establish functional connexions with the secretory 
endings of the vagus nerve in the time allowed (500 days+) would appear to 
be an adequate test of the possibilities of the method. 


This work was aided by a grant from the Medical Research Council. 
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The mechano-receptor properties of central neurones. By Jesus 
Avanis and B. H. C. Matraews. Physiological Laboratory, University of 
Cambridge 

When a small electrode penetrates grey matter, characteristic injury dis- 

_ charges are seen (Adrian & Matthews, 1934). 

Using micro-electrodes of 4-1, tip diameter of the type described by Ling 
(1948) and Nastuk & Hodgkin (1950), this can be studied more exactly. As — 
a neurone in the ventral horn of the frog’s spinal cord is approached, its spike 
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potentials on reflex stimulation are diphasic and detectable some 150 » from 
the cell, increasing in amplitude as the electrode approaches it. A jump of 
potential of up to 60 mV occurs presumably on entering the cell, and spike 
potentials are then monophasic positive and of up to 60 mV, confirming the 
findings of Svaetichin (1951) and Brock, Coombs & Eccles (1952). This makes 
it very easy to decide when the cell is penetrated; before this occurs, stimula- 
tion of the cell can frequently be evoked by advancing the electrode by a few 
microns; a prolonged negativity appears and a rhythmic discharge of spikes 
occurs on this, the negativity declines slowly and the spikes decline in 
frequency to zero. Moving the electrode back and forth over a small range 
causes repeated discharges without apparent injury to the cell, which still 
gives reflex discharges on appropriate stimulation. 

The magnitude of slow depolarization and impulse frequency are graded 
with the movement applied. Similar graded depolarization and rhythmic 
discharge are evoked by reflex stimulation via sense organs. Both change sign 
after the electrode passes the demarcation potential which we presume to 
mean entry of the cell, but with $y electrodes the cell may continue to 
function reflexly for a time without showing the injury discharge seen with 

a larger electrode. 
_ The resemblance of the properties of central neurones and sense organs 
has already been stressed (Matthews, 1937). The response of a neurone to 
deformation parallels the behaviour of a muscle spindle where a local de- 


discharge (Katz, 1950). 
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Bronchomotor responses to altering the gaseous composition 
of the blood perfusing the brain. By M. pe Bures Daty, C. J. 


LaMBERTSEN and A. ScuwerrzER. Department of Physiology, Univer- 


sity College, London 


It has previously been suggested that the bronchoconstriction resulting from 
inhalation of high concentrations of carbon dioxide is in part central in origin 
(Einthoven, 1892; Dixon & Brodie, 1903). This has been reinvestigated using 
anaesthetized dogs with both carotid sinuses denervated; the brain was per- 
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fused through the vertebral or common carotid arteries by means of a Dale- 
Schuster pump, the normal venous drainage being left intact. The input side 
of the pump was connected to the left auricle and to the right auricle by means 
of a three-way tap so that either arterial or mixed venous blood could be 
perfused through the brain. Under these conditions, changing from arterial 
to mixed venous blood caused bronchoconstriction. This response was 
potentiated by eserine and abolished by Pete and by section of the 
cervical vagosympathetic nerves. 

An analysis of this response was made by changing the perfusion from left 
auricular blood to blood equilibrated with various gas mixtures in the isolated 
perfused lungs of a second dog. It was found that bronchoconstriction resulted 
from perfusing the brain with either anoxic or hypercapnic blood. Blood 
equilibrated with 95% O, and 5% CO, had no effect. Hypocapnic blood 
caused bronchodilatation. It is concluded, therefore, that bronchomotor tone 
is maintained not only reflexly by baroreceptor activity (Daly & Schweitzer, 
1952) but also centrally by the normal carbon dioxide tension of the blood. 
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The coefficient of expansion of muscle. By D. R. Wiixie 


_ Presynaptic facilitation in the sympathetic ganglion of the cat. 


By C. Jos* and A. LunpBERG. Institute for Newrophysiology, 
Stockholm 


Transmission through the cee after a conditioning orthodromic volley 
has been interpreted (Eccles, 1935; Lloyd, 1937) in terms of the after- 
potentials of the excited ganglion cells and the synaptic potential set up in 
cells in the subliminal fringe. Larrabee & Bronk (1947), however, have shown 
that there is also a facilitation caused by a long-lasting change in the pre- 
synaptic terminals as a consequence of their earlier activation. We have 
examined the importance of presynaptic potentiation for transmission during 
the 250 msec immediately following the passage of a single volley. The 
stellate ganglion was used with recording electrodes on the cardiac nerve and 
stimulating electrodes placed on this nerve and on each of two sets of pre- 
ganglionic nerves. 


The transmission of a test volley was examined (1) after antidromic con- 
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which the test volley was elicited, and (3) after conditioning the other pre- 
ganglionic nerve. There was less depression after (2) than after (1) and, if 
there was a high degree of occlusion, also less after (2) than (3). If, in the same 
preganglionic nerve as the one used for testing, a volley was set up to excite 
the ganglion cells 2-30 msec before they were reached by a maximal anti- 
dromic volley, the depression of the antidromic volley on the test reflex again 
was less than after antidromic conditioning alone. 

The favourable effect of stimulating the same synapses twice could be due 
to potentiation in the presynaptic terminals or to survival of the transmitter. 
Further experiments were made on preparations in which there was a high 
degree of occlusion of the ganglion cell pools of the two preganglionic nerves. 
When in such cases a preganglionic nerve other than the one used for testing 
was stimulated to excite the ganglion cells 2~30 msec before they were reached 
by the antidromic volley, the depression was equivalent to that of two anti- | 
dromic volleys. A great deal of occlusion, therefore, could not be substituted  § 
for double stimulation of the same synapses. It is concluded that, following 
transmission of a single volley through the ganglion, presynaptic potentiation 
is @ facilitatory factor along with the synaptic potential in subliminally 
excited cells and the negative after-potential of excited cells. 


| REFERENCES 
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Some observations upon the vesicular structures in the hypo- , 
thalamus of the dog. By P. A. Jews. | 


Auditory responses of single nerve units at the level of the a 
trapezoid body. By 8. Himau and I. C. Warrrietp. Physiology 
Department, University of Birmingham 

Records of nervous activity in single units in the efferent pathways from the 
cochlear nucleus at the level of the trapezoid body have been made in cats. 
The responses to auditory stimulation obtained over the range 800-12,000 c/s 
are markedly different from those reported by Galambos & Davis (1943) at 
the afferent side of the cochlear nucleus. These workers obtained the type of 
response which is usually associated with primary sensory neurones; regular 
discharges of spikes at frequencies up to 200 per sec were maintained, the i 
discharge rate increasing steadily with intensity up to a maximum. By 2 
contrast, the discharges in the efferent pathways are irregular and the mean 
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rates of firing (after a short initial period) are much lower, being commonly 
of the order of a quarter of the corresponding rates in the afferent fibres under 
similar conditions. Further, although this mean rate at first increases with 
stimulus intensity, at high intensities the mean discharge rate declines again. 
A similar decline of small amount was observed by Gross & Thurlow (1951) 
at the level of the medial geniculate body. ee 


0-2 sec 


The ‘irregularity’ of the discharge tends to increase as the intensity of the 
stimulus is increased, i.e. the deviations of the instantaneous frequency from 
the mean value become progressively greater as the intensity rises. It is 
suggested that the efferent discharge is an ‘interference pattern’ produced by 
the convergence of a number of afferent pathways conveying regular dis- 
charges of different frequencies. The known distribution of frequency patterns 
in the afferent fibres and the histological structure of the cochlear nucleus 
(Lorente de Né, 1933) are consistent with this hypothesis. 


Galambos, R. & Davis, H. (1943). J. Newrophysiol. 6, 39. 
Gross, N. B. & Thurlow, W. R. (1951). J. Neurophysiol. 14, 409. 
Lorente de N6, R. (1933). Laryngoscope, 43, 1. : 


Carotid chemoceptor impulse activity during inhalation of carbon 
monoxide. By N. J.H. Green and E. Net. Departments 
of Physiology, Royal Free Hospital School of Medicine, London, and 
Middlesex Hospital School, London 

Cats were anaesthetized with intraperitoneal chloralose (50 mg/kg body 

weight) and urethane (250 mg/kg body weight). Carotid chemoceptor activity 

was recorded (Euler, Liljestrand & Zotterman, 1939) simultaneously with 
arterial blood pressure by a condenser manometer. The trachea was cannu- 
lated and connected with inspiratory and expiratory valves. The percentage 
saturation of the arterial blood with CO was estimated at intervals using 

a Hertridge reversion spectroscope. 

Inhalation of 1° CO in air for 20 min, or 2% CO in air for 10 min, caused 
no increase in carotid chemoceptor impulse activity. At the end of such 
periods 70-80% of the blood Hb was combined with CO. Changes in arterial 
O, content of this degree are therefore ineffective in causing chemoceptor 
stimulation. Marked chemoceptor activity occurred, however, if the arterial 
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O, tension was then lowered by the inhalation of 5% O, in N, itnthediately | 


following the CO exposure. Apparently the carotid chemoceptors are not 
depressed by severe carboxyhaemoglobinaemia. 

These results confirm the claims of Comroe & Schmidt (1938) that the 
chemoceptors respond to changes of arterial O, tension but not to changes of 


arterial O, content. 
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Localization of function in the rabbit’s retina by an electro- 
physiological method. By L. C. THomson 


The central foveal sensitivity of a totally es observer. 
By R. A. WEALE 


Anaesthetic action of anti-aneurins on sensory nerve endings. 
By ALEXANDER von Muratt and Ynove ZotrerMan. Theodor Kocher 
Institute, Berne 

The superficial endings of the glossopharyngeal nerve in the frog’s tongue, 

which respond to fresh water, have been used to. test the effect of anti- 

aneurin factors. Carp intestine, and fern extracts of good anti-aneurin 
activity, were found to abolish the water effect within a few minutes. Longer 
application of carp extracts usually abolished all large fibre response from 
the tongue, but left the 8-fibres intact. After washing the tongue the large 
fibre endings responding to pressure and salt recovered first and the super- 
ficial water endings only partially if at all. After boiling the carp extract, 
thus destroying the anti-aneurin activity, no anaesthetic effect was observed. 

This excludes the possibility of potassium action. Addition of aneurin to 

carp extracts did not yield conclusive results. The experiments can be 


related to the role of aneurin in the chain of chemical events leading to 
excitation. 


The temporal course of direct inhibition evoked by single and 
repetitive volleys. By K. Brapiey, D. M. Easton and J. C. Eccies 


The circulation of the thoracic cage during haemorrhage. By 
J. C. Morr. The Nuffield Institute for Medical Research, University of 
Oaford 

Gilding & Rous (1929) concluded from indirect experiments that the vessels 

of the thoracic cage received preferential treatment during haemorrhage. 
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Simultaneous measurement of blood flow into the carotid, femoral and 
internal mammary arteries in the spontaneously breathing dog using direct- 
measuring flowmeters (Dawes, Mott & Vane, unpublished) showed that the 
reduction of flow during haemorrhage was in the order femoral > carotid > in- 
ternal mammary. Similar results were obtained using arterial bubble-flow- 
meters and by collecting the venous outflow. The vasodilatation of the 
internal mammary arteries was associated with the increase in minute 
volume (onloulated from body-plethysmograph records) occurring during 


haemorrhage. 


The reduction in blood flow into a coronary artery during early haemor- 
rhage was often greater than that into an internal mammary artery. But 
when the animal became blue, the coronary dilatation exceeded the internal 
mammary dilatation. It is likely that the thoracic wall vessels take as large 
a proportion of the heart output during haemorrhage as the coronary vessels. 


REFERENCE 
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The action of podophyllotoxin on pregnancy. By K. A. Dipcock, 
C. W. Picarp and J. M. Rosson. Department of Pharmacology, Guy’s 
ee and the Research Department, Carnegie Chemicals 
(Welwyn) Lid. 

Recent investigations (see Cornman & Cornman, 1951) have shown that 

podophyllotoxin produces striking inhibitory effects on certain tumours. 

It was thought of interest to investigate the effects of podophyllotoxin on 

pregnancy which is a rapidly developing new growth in the body. Sullivan, 

Follis & Hilgartner (1951) found this substance three times as toxic in 

growing rats as in adults. 

The drug was administered as a fine suspension in 10% alcohol to pregnant 
mice and rats and in solution in absolute alcohol to rabbits. 

Table 1 gives the results for mice including some in which the pregnancy 
was maintairied with progesterone after ovariectomy. An effect was usually 


obvious 24 hr after treatment when a profuse blood- stained vaginal discharge 


It was sometimes found that even though foetuses were dead and being a 


reabsorbed in utero the placentae were large and apparently normal. 

In rats doses of 0-25 mg/100 g i.v. or 0-6 mg/100 g subcutaneously produced 
similar effects with no maternal mortality in 5/5 animals. In rabbits 18 mg/kg — 
terminated pregnancy in 2/5 animals, while 35 mg/kg terminated pregnancy 
in 3/4 animals with no mortality in either group. 
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Large doses of sodium podophyllate, picropodophyllin and acetyl podo- 
phyllotoxin had no effect on pregnancy. When given locally according to the 


Tastz 1. Effect of podophyllotoxin on pregnancy in mice (approximately 25 g body weight) 


Duration of 

Dose No. of Interruption Maternal 
(mg) Administration animals (days) of pregnancy mortality 
0-05 ee 7 12-13 1/7* 0/7 
0-1 i.v. 5 12-13 6/6 0/5 
0-25 i.v 4 12-14 4/4 0/4 
0-5 iv 3 14 2/3 
1-2 iv. 4 12-13 4/4t 4/4 
0-1 Subcutaneous 3 0/3 

0-25 Subcutaneous 4 12-13 4/4 0/4 
0-25 boutaneous 5 13 5/5 0/5 
10 Subcutaneous 4 13 4/4 4/4 
2-5 Subcutaneous 2 12 2/2 2/2 


time. 
of pregnancy. 
method of Robson (1948), the podophyllotoxin was again the only substance 
in this group which produced inhibition of the vaginal response to systemic 
oestrogen. 
This work has been aided by a grant from the Medical Research Council. 
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The entry of iron into liver parenchyma cells following the 
injection of different iron preparations, and the different 
lesions produced with toxic doses. By J. A. Nissim. Department 
of Pharmacology, Guy’s Hospital Medical School 

When colloidal iron preparations are injected intravenously, they are taken 

up by the reticulo-endothelial cells, and the iron becomes demonstrable in 

the liver parenchyma in 7-14 days, following its slow liberation in a diffusible 
form from the primary depots. When diffusible preparations are injected, 
the iron enters the parenchyma cells immediately, and is demonstrable within 

a few minutes to 24 hr. 

All the diffusible iron preparations were injected intravenously into rabbits 
in doses of 22-5 mg Fe/kg. After ferric ammonium citrate and ‘ferric chloride 
caramelate’ (Nissim, 1949) no histological changes were noted, although the 
iron was taken up by the parenchyma. With ‘ferric hydroxide ferrous 
ascorbate’, the iron uptake was most marked in the periportal regions where 
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a considerable proportion of the parenchymatous cells showed cytoplasmic 
and nuclear damage with pyknosis, karyolysis and karyorrhexis. 

After “ferric chloride lactate’ the iron appeared in certain parenchymatous 
cells selectively. These were distributed singly or in groups round the portal 
tracts, but also occurred elsewhere in the lobules. Interesting lesions were 
noted in these cells, similar to those described by Chevallier (1942) with 
potassium ammonium ferric tartrate. Chevallier failed to produce the lesions 
with other iron preparations, and thus believed that iron was not the re- 
sponsible toxic factor, though it served to indicate the site of injury. These 
lesions developed in three stages, viz. massive leucocytic infiltration of the 
sinusoids, penetration of the neutrophils into the iron-laden cells, and 
liquefaction of the invaded cells with formation of uni- and multicellular 
micro-abscesses. 

Similar lesions were observed after neutral ferrous ascorbate and an iron 
butyrate complex (Ferronascine, Roche), though with the latter parenchymal 
siderosis was far less marked. After ‘alkaline ferrous ascorbate’ (Nissim, 
1949) there was no demonstrable uptake of iron by the hepatic cells, but there 
was marked sinusoidal leucocytic infiltration. 

With ferric tartrate, parenchymal siderosis was more generalized, but there 
was the same leucocytic infiltration with formation of uni- and multicellular 
abscesses. Another type of lesion was noted in a smaller number of hepatic 
Cells. These cells were markedly and diffusely stained with iron, and their 
nuclei showed still heavier staining. Both cytoplasm and nuclei showed loss 
of chromatophilia in eosin and haematoxylin sections. ) | 

The entry into the hepatic cells and the effect produced there differed 
with the preparation used and depended on the nature of the non-ionized 
molecule, including its diffusibility and its metabolism. The reactions of these 
preparations with cellular constituents must determine their fixation by the 
different cells of the body. Thus, the selective entry of two of the preparations 
used, viz. the lactate and ascorbate, into certain parenchymatous liver cells 
may be related to distinctive metabolic activities of the latter. 
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Hydroxytyramine (dopamine) and the suprarenal medulla. By 
D. M. SHepHerpD and G. B. West. Department of Pharmacology and 
Therapeutics, University of St Andrews Medical School, Dundee 

Although it is fairly certain that adrenaline is formed from noradrenaline by 

methylation, the exact way in which noradrenaline is produced in the body 

is still an open question. With the aid of paper chromatography, we have 
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confirmed the observation by Goodall (1951) that hydroxytyramine (dihy- 
droxyphenylethylamine or dopamine) is present in the suprarenal’ glands of 
sheep. Chromatograms of acid extracts of the glands were run in butanol- 
acetic acid-water, and after drying were developed with potassium ferri- 

cyanide or iodate (Shepherd & West, 1951). Analysis of twenty-five extracts 
of whole glands failed to indicate any hydroxytyramine, but the results on 
medullary extracts showed it to be a normal constituent of this tissue. Elution 
of the hydroxytyramine spots and subsequent chromatography allowed of 
chemical identification and estimation. 

About 9% of the total catechol amines in the sheep medulla is composed of 
hydroxytyramine. In the ox and cow, however, smaller amounts are present 
(0-6 and 0-3% respectively). Its presence in some mammalian suprarenals 
lends support to the suggestion of Blaschko (1942) that it is one of the pre- 
cursors of adrenaline, So far, hydroxytyramine has not been identified in 
extracts of the suprarenal medulla of pigs, dogs, cats, rabbits and man 
(including babies). It was also absent from. the extract of a phaeochromo- 
cytoma, the catechol amines of which consisted almost entirely of nor- 


adrenaline. 
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Demethylation of adrenaline, and methylation of noradrenaline, 
by suprarenal gland in vitro. By Mary F. Lockett. School of 
Pharmacy, University of London 

Biilbring (1949) demonstrated the methylation of noradrenaline by minced 

suprarenal glands taken from cats and dogs. The addition of ATP was found 

necessary. Biilbring’s observations have been confirmed and extended: __ 

Minced suprarenal glands, taken from rabbits, cats, dogs, and a monkey, 
when buffered at pH 7-6, and incubated for 45-60 min. at 37° C, usually 
demethylated some of their contained adrenaline (in fourteen successive experi- 
ments demethylation was noted in eleven, but there was no change in the 
other three). This demethylation was augmented by the addition of 25 yg 
choline/1-5 ml. gland extract=0-05 g whole gland. Glands which had pre- 
viously shown no change in adrenaline/noradrenaline ratio on incubation, 
demethylated when incubated after the addition of this small amount of choline. 

Large amounts of ATP, 4-6 mg/0-05 g gland, added prior to incubation, 
caused* methylation of the noradrenaline contained in the glands, and sup- 
pressed demethylation. Low concentrations of choline (25-50 ug/0-05 g gland) 
augmented this methylation. 


High concentrations of choline, 800 4g/0-05 g gland, inhibited both methy- 
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lation and demethylation. Loss during incubation in the total amount of 
adrenaline plus noradrenaline was only: Repenene in the presence of excess 
ATP. 
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The influence of diet on the mating of rats. By D. Pautine 


Atexanper and J. F. D. Frazer. Physiology Department, St Mary's 
Hospital Medical School, London 


It has been shown recently that when rats are placed on a particular stock 
diet and on a reduced light ration (9 hr light each day) the mating performance, 
as compared with those on Bruce & Parkes’s (1949) diet 41 and/or 13 hr 
exposure to light daily, is halved (Alexander & Frazer, 1952). 

_As these two diets differed considerably in composition it was desirable to 
find out which particular constituent, or constituents, were responsible for 
the difference in performance. 

Accordingly, four groups of rats were separated off, each consisting of 
thirty-six females. All the rats were kept on 9 hr light each day under the 
same conditions as before. One of these groups was on diet 41, two on the 
stock diet and one on a diet similar to the stock diet but with wholemeal 
flour replacing the white flour. Corresponding groups of males were prepared. 
Three of these were on the same diet as the females, but the fourth (corre- 
sponding to the second group of females on’stock diet) was placed on diet 41. 
At the end of a fortnight on these diets each group of males was added to the 
corresponding group of females. | 

Routine daily swabbing of the females for the next 14 days showed no 
difference in the proportion of sexual cycles between the four groups. Further, 
there was no difference in the incidence of mating between the two groups 
where the males had been on diet 41 and the one where they had been on 
wholemeal diet. Where the males had previously been on the white flour 
diet there was a statistically significant drop in the ratio of matings to 
oestrus cycles (P < 0-01). 

Thus, two points emerge from this: first, that the effect of diet and light 
upon mating is through the male. This recalls the finding of Raynaud (1950) 
in the woodmouse (Apodemus sylvaticus) that in winter, on a poor diet, the 
testis is atrophic, but on a good diet is fully functional. Secondly, it is shown 
that the substitution of wholemeal for white flour in the stock diet restored 
the mating er to the normal level. 


REFERENCES 
Alexander, D. Pauline & Frazer, J. F. D. (1952). “TS. Physiol. 116, 50 P. 
Bruce, H. M. & Parkes, A. 8. (1949). J. Hyg., Camb., 47, 202. 
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The occurrence of inositol in the foetal blood sii fluids of several 
mammalian species. By D. A. Nrxon. Physiology Department, 
St Mary’s Hospital Medical School, London 


Partridge in 1948 demonstrated by paper chromatography the presence of 
inositol in a pooled sample of foetal sheep blood. By using a microbiological 
assay technique involving the yeast Kloeckera brevis, studies have been made 
on the free inositol concentration in the maternal and foetal bloods and the 
amniotic and allantoic fluids over the latter half of the gestation period in 
cat, rabbit, goat, sheep and man. 

While considerable variations in the levels occur over the period examined 
and among samples of the same foetal age, some constant observations can 
be made at this stage. 

(1) The level in the female is not influenced by pregnancy. 

(2) The foetal blood concentration is greater than that of the maternal 
blood. 

(3) The allantoic fluid concentration exceeds that of the amniotic fluid. 

The mean values (in mg free inositol/100 ml.) obtained from consecutive 
samples are given in Table 1. : 


| 
on-pregnant 

animal Maternal Foetal Amniotic Allantoic 

blood blood blood fluid fluid 
Cat 2-9 2-9 19-5 8-2 39-9 
Rabbit 2-5 2-1 10-8 18-8 139-7 
Sheep 190 71 12-5 
Man 0-6 75 5-0 
Mant 7 16 1-0 

* Terminated pregnancies. | t At term. 


It has also been shown that the placenta is not the site of synthesis, neither 
is the placenta permeable to a raised blood inositol concentration. These 
findings have led to the conclusion that some foetal tissue is responsible for 
its synthesis, although this ability rapidly decreases post partum. 


REFERENCE 
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Pain-producing actions of tryptamine and 5-hydroxytryptamine. 
By Desirte Armstrong, R. M. L. Dry, C. A. W. Marknam. 
Department of Pharmacology, The Middlesex Hospital Medical School, 
London, W.1 

We have previously described (1952) the production of cutaneous pain by 

application of blister fluid or serum to the exposed base of a cantharidin 

blister. In view of the known presence of serotonin (5-hydroxytryptamine) 
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in serum (Rapport, Green & Page, 1948), we have studied the pain-producing 
properties of 5-hydroxytryptamine creatinine sulphate and tryptamine 
hydrochloride in four subjects, using the technique we have previously 
demonstrated (1951). 

Both tryptamine and 5-hydroxytryptamine acted similarly to cause pain 
which was indistinguishable from that produced by serum: 

(1) There was a latent period of 10-45 sec between the moment of applica- 
tion of the solution and the onset of pain, the latency being least with the 
strongest solutions. 

(2) The pain usually lasted, with fluctuations, for a few minutes. 

(3) The area then became refractory to further applications of these sub- 
stances, but remained sensitive to acetylcholine. When the area had become 
refractory by previous application of 5-hydroxytryptamine it was also re- 
fractory to serum, and vice versa. 

(4) During these experiments we found that 5-hydroxytryptamine produced 
pain in concentrations down to 10-* g/ml. Where comparisons were made in 
individual experiments, 5-hydroxytryptamine creatinine sulphate was more 
than ten times as potent, weight for weight, as tryptamine hydrochloride. 

(5) Tryptophane did not cause pain in concentrations of 10-5 to 10-* g/ml. 

We are grateful to Dr R. K. Richards, Abbott Laboratories, North Chicago, U.S.A. and to 
Dr M. E. Speeter, The Upjohn Company, Kalamazoo, U.S.A., for supplying us with synthetic 
5-hydroxytryptamine creatinine sulphate. We also thank Dr F. Bergel, Roche Products Ltd., 
for the supply of tryptamine hydrochloride. 


Armstrong, D.,'Dry, R. M. L., Keele, C. A. & Markham, J. W. (1961). J. Physiol. 115, 59 P. 
Armstrong, D., Dry, R. M. L., Keele, C. A. & Markham, J. W. (1962). J. Physiol. 117, 4P. 
Rapport, M. M., Green, A. A. & Page, I. H. (1948). J. biol. Chem, 176, 1243. 


The effect of 5-hydroxytryptamine (serotonin) on respiration 
in the dog. By W. W. Dovetas and C.‘C. Tox.* National Institute 
for Medical Research, Mill Hill, N.W.7 


At the meeting of the Physiological Society held on 22-23 February 1952, 
Armstrong, Dry, Keele & Markham reported that minute doses of 5-hydroxy- 
tryptamine cause pain when applied to the blistered human skin. This prompted 
us to test whether 5-hydroxytryptamine would stimulate respiration by acting — 
on the carotid body, for a number of substances which elicit sensory responses 
from the skin also excite chemosensory reflexes. 

Small doses of 5-hydroxytryptamine (0-1-10 ug of the creatinine sulphate) 
stimulated breathing when injected into the common carotid artery. The effect 
was obtained after the external carotid, internal carotid and occipital arteries 


* Colonial Development and Welfare Scholar. 
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had been tied, but not after the ninth nerve or the sinus nerve had been cut. 
Approximately ten times as much tryptamine (in terms of base) was required 
to give an effect comparable to that of 5-hydroxytryptamine. 

Recently, Reid & Rand (1951) have reported that intravenous injection of 
5-hydroxytryptamine causes respiratory inhibition in the cat. In the dog, 
however, we have found that intravenous 5-hydroxytryptamine stimulates 


respiration ; injection of 50-600 ug of 5-hydroxytryptamine creatinine sulphate — 


into a femoral vein in dogs under nembutal anaesthesia caused a vigorous 
burst of overbreathing. The effect was accompanied by changes in the systemic 
blood pressure; small doses of 5-hydroxytryptamine produced only a fall; larger 
doses gave a mixed response the pressor component of which increased with 
the dose. Section of both vagi reduced the respiratory and vasomotor effects 
of intravenous 5-hydroxytryptamine in two dogs and abolished them in a 
third. Removal of both carotid body regions failed to eliminate the persistent 
_ effects of 5-hydroxytryptamine in one vagotomized dog. 

It is concluded that 5-hydroxytryptamine is a respiratory stim in 
the dog, and that it can exert this effect in several ways which include 
stimulation of afferents in the vagus and sinus nerves. 


We should like to express our thanks to Dr R. K. Richards of Abbott Laboratories, Chicago, 
for the supply of 5-hydroxytryptamine creatinine sulphate. 
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Histamine in tissue mast cells. By J. F. Rirzy and G. B. West. 
From the Department of Radiotherapy, Royal Infirmary, and Department 
of Pharmacology and Therapeutics, University of St Andrews Medical 
School, Dundee 

When a lethal dose of either of the fluorescent histamine liberators, stilb- 

amidine or 2-hydroxy-stilbamidine, is rapidly injected into a rat, some of 

the diamidine is temporarily trapped in mast cells which then undergo dis- 
ruption (Riley, 1952). In the dog not only do such compounds release 
histamine but at the same time large amounts of heparin are also released 

(MacIntosh & Paton, 1949). The heparin is thought to be released from tissue 

mast cells (Jorpes, 1946). It was of interest, therefore, to discover whether 

some of the histamine could also be released from tissue mast cells. 

Failing to obtain a mast cell tumour for analysis, we have made a com- 
parative assay of histamine in various organs and tissues which differ greatly 
in their content of mast cells. Our results for histamine are shown in Table 1 
together with an indication of the mast cell content of the material as judged 

from histological sections. The third column gives the corresponding values 
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for heparin (Jorpes, 1946). It will be seen that there is a striking positive 
correlation between the mast cell (or heparin) content of a tissue and the 
amount of histamine which it contains. It thus appears that not only does 
heparin come from mast cells but that a tissue rich in mast cells is also rich 
in histamine. In support of the suggestion of a common origin for the two 


TasiE 1. Histamine content (ug/g) of tissues compared with the heparin content (mg standard 
heparin/kg) and the relative mast cell content 


Tissues Histamine Heparin Mast cells 
(a) Blood vessels 
Pig aorta 0-7 0 0 
Ox aorta 10-0 + 
_ Ox inferior vena cava 20-0 100-120 ++ 
(0) : 
te 0-3 0 0 
Rat subcutaneous tissue 16-0 63 ++ 
Ox liver: 
chyma 4-5 56— 75 + 
Capsule 40-0 540-830 +++ 


substances, it is of interest that we have found a biopsy specimen from 
a human case of urticaria pigmentosa, rich in mast cells, to contain two and 
a half times more histamine than the skin immediately adjacent to the lesion. 
The simultaneous release of both histamine and heparin in certain shock 
states in the dog (MacIntosh & Paton, 1949) may therefore be due to dis- 
ruption of the numerous mast cells in the liver (the ‘shock organ’) of this 
species. 
REFERENCES 
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Compound 48/80 and acid gastric secretion. By A. N. Surrs.* 
National Institute for Medical Research, Mill Hill, N.W.7 


(1). The acid gastric secretion obtained after injections of histamine 
liberators into the systemic circulation (Feldberg & Holmes, 1941; Paton & 
Schachter, 1951) could be accounted for by release of histamine from skin and 
skeletal muscle. That there is no necessity to assume an additional release 
under these conditions from the gastric mucosa itself is shown by the present 
experiments. In cats under chloralose anaesthesia, compound 48/80 provoked 
a smaller amount of acid secretion when injected into the coeliac artery than 
when injected intravenously. 

(2) The small secretory effect of compound 48/80 on injection into the 
coeliac artery, however, is apparently due to an effect of compound 48/80 on 

* During tenure of Medical Research Council Fellowship in Clinical Research. 
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the gastric mucosa, since this secretion is greater than that obtained with the 
_ same dose injected intraportally. 


(3) Compound 48/80 injected into the coeliac artery probably acts by 


release of a small fraction of the mucosal histamine, since it may lead to 
temporarily increased plasma histamine levels in the venous effluent. The 
increase is of small amount. and is not regularly obtained. 3 

(4) The main bulk of the histamine in the stomach mucosa, however, is 
apparently resistant to compound 48/80. The possibility has to be considered 
that the histamine in the mucosa is associated not only with acid secretion but 
also with elimination of histamine. This would explain the great individual 
variations in histamine content of gastric mucosa, as well as the following 
finding. Normally the mucosa of the body contains a higher histamine 
- equivalent than that of the pyloric region. The reverse is found in cats treated 
with daily intraperitoneal injections of compound 48/80 for 2-3 weeks. A 
possible explanation for this observation would be a reduction in the histamine 
of the body mucosa, associated with local histamine release and with the 
prolonged secretory activity occurring during the treatment. 


REFERENCES 
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The nervous regulation of liver blood flow. By M. Ginssure, 
J. Grayson and D. H. Jonnson. Departments of Pharmacology, Physio- 
logy and Pathology, Unwersity of Bristol 

In a previous communication to this Society it was shown that changes in 

blood pressure produced reflex alterations in liver blood flow, measured by 

the technique of internal calorimetry (Grayson & Johnson, 1952). The receptor 
organs were in the carotid sinuses and aortic arch. With a maintained elevation 
in blood pressure, however, such as is produced by continuous intravenous 
adrenaline, the blood flow rapidly subsided nearly to resting levels. It was 


concluded, therefore, that reflex increases in flow were only excited by actual — 


changes in blood pressure. 
In the present work the effects of autonomic blocking agents on this 
response were investigated in rats and rabbits. Tetraethylammonium bromide 


was administered in doses of 10 mg/kg body weight in a single intravenous _ 


injection, followed in some cases by continuous intravenous infusion. No 
alteration in resting blood flow was produced. The reflex increments in blood 
flow produced by mechanical elevations in blood pressure were no longer 
observed, and sustained pressor doses of adrenaline in most cases markedly 
diminished blood flow. Similar results were obtained after atropine (5 mg/kg). 
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Depressor nerve section and bilateral clamping of the common carotid 
arteries did not alter the resting blood flow, although these procedurés 
abolished the dilator action of rising blood pressure. Removal of the coéliac 
ganglion and stripping of the hepatic artery were also without effect on 
resting blood flow. 

It must be concluded, therefore, that although nervous reflex control of 
the hepatic circulation may be important under conditions of changing blood 
pressure, neurogenic influences play little part in the maintenance of resting 
vascular tone. 

In rabbits, in which blood pressure was stabilized by use of a mechanical 
compensator (Grayson & Johnson, 1952), depressor nerve stimulation pro- 
duced an increase in liver blood flow. It seems probable, therefore, that this 
increase in liver blood flow and that due to rising blood pressure are the result 
of active vasodilatation. Moreover, in view of the fact that the direct action 
of adrenaline on liver vessels is constrictor, this active vasodilatation which 
is blocked by atropine seems to involve cholinergic nerve endings. | 

This work was performed with the aid of grant for expenses made by the Medical Research 
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Endometrial reactions in the sow. By E. C. Amoroso 


Sodium chloride and anoxic cardiac muscle. By R. J. 8. McDowaL. 
and A. F. Zayart. of Physiology, King’s Unwwersity 
of London 

If the right ventricle of the rat heart is suspended in Krebs’s solution aerated 

with 95% 0,+5% CO,, it makes an excellent preparation for the study of 

mammalian cardiac muscle which will continue to contract for many 
hours. It sometimes beats spontencounly, but if not, it may be stimulated 
rhythmically. 

If such a preparation is pndaeed anoxic by itieuiin the aeration or sub- 
stituting 95° N,+5% CO,, the muscle becomes rapidly depressed and will 
not recover in normal Krebs’s solution. If, however, the sodium chloride is 
reduced to about 0:4-0'5%, the osmotic pressure being maintained by 
sucrose, there is immediate and sustained recovery, the amount of the 
recovery depending on the sodium concentration. The preparation, which has 
been made anoxic, is sensitive to changes of less than 0-05% sodium chloride. 
The beneficial effect of low sodium on the anoxic heart is greater than 
an optimum effect of ouabain (the active principle of the cardiac tonic 
stropanthus). 
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The results with sodium chloride resemble those of Clark (1913) and 
Clark & Daly (1920) on the hypodynamic heart and those of Awad & 
McDowall (1952), on the isolated rat diaphragm. 
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The velocity constants of the reactions Hb,X,+X =Hb,X, (X=0, 
or CO) for mammalian haemoglobin. By Q. H. Gipson and 
F. J. W. Roventon. Departments of Physiology, cere of Sheffield, 
and Colloid Science, University of Cambridge 


Haemoglobin solutions (0-2-0-4 g/100 ml.), equilibrated with O, pressures 
varying from 300 to 800 mm Hg, are mixed in the rapid-flow apparatus 
(Gibson, 1952) with buffer solutions equilibrated with CO at 1 atm. Under 
these conditions it can be shown that 


4 
where k,, ky are the velocity constants for Hb,O, lita 0,, 
4 


are the velocity constants for Hb,(C0), + Hb,(CO),+CO, 
I’ 


p=initial concentration of dissolved O,, : 


q=initial concentration of dissolved CO, 
y=1/(rate of displacement of 0, by CO from combination with Hb), 
z=concentration of 0, combined with Hb. 


A plot of y against p gives a straight line of slope equal to 4k,/l,k,qz, which on 
extrapolation cuts the vertical axis at 4/k,z. The value of k, is thus obtained 
directly for the first time over the pH range 6:0-9-0. Substantially higher 
values for the rate of dissociation of oxyhaemoglobin are obtained by mixing 
oxyhaemoglobin and hydrosulphite, due presumably to the fact that the 
lower reactions Hb,O, = Hb,0,+0,, etc., are also involved in this case, and 
these reactions have higher dissociation velocity constants than k,. 

1, had previously been measured (Roughton, 1934), but confirmatory results 
pe now been obtained by a procedure of wider applicability using “CO. 
12 ml. of haemoglobin solution (0-5-1 B/ 100 ml.) saturated with labelled CO 
are shaken violently for periods of 1 min and upwards with 90 ml, of a gas 
phase containing unlabelled CO at about 30 mm Hg pressure. At the end of 
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the shaking period the haemoglobin solution is removed and from the amount 
of “CO liberated into the gas phase the value of I, is — y the approxi- 
mate formula 


where J, V, are the volumes of CO in the liquid and gas phases respectively — 
and S,,, S, are the activities of the gas phase in respect of “C at times infinity 


and ¢ respectively, 
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Quantitative histochemical demonstration of cholinesterase by 
means of radioactive copper. By K. Hettmann. Medical Research 
Council Climatic and Working Efficiency Unit, Department of Human 
Anatomy, University of Oxford 

A quantitative comparison betweén histological and enzymatic patterns 
cannot in general be made on one and the same section. A procedure proposed 
by Linderstrom-Lang & Mogensen (1938) was to compare alternate sections in 
series of uniform size. This method has, however, for technical reasons not 
been extensively employed, although Pope (1952) has used it in a recent study 
of the quantitative distribution of dipeptidase and acetyl cholinesterase in 
layers of rat cerebral cortex. 

To obtain a quantitative estimate of the activity of cholinesterase in the 
motor end-plate region of the diaphragm, but at the same time to avoid 
the difficulties inherent in the method of Linderstrom-Lang & Mogensen, an 
attempt was made to provide a quantitative basis for one of the histochemical 
methods for cholinesterase by introducing a suitable radioactive isotope at 
one stage of the reaction. The most convenient reaction was that described 
by Koelle (1950), though clearly it is possible to render other histochemical 
methods designed to show up sites of enzymatic activity quantitative, in the 
same way. 

In the method used, copper thiocholine is precipitated at the sites of 
cholinesterase activity. Normally, this is then treated with ammonium sul- 
phide when a dark brown precipitate of copper sulphide is deposited. By the 
use of “Cu in the copper-glycine incubating medium, however, radioactive 
copper thiocholine is precipitated. When the sections are removed from the 
substrate they are placed in a rinsing solution containing 40% 0-2m-KH,PQ,, 
10% 0: ‘2m-Na,HPO,, 2% of a 4:7% glycine solution and water to 100 ml, 
This fluid is put in six small beakers, to each of which the sections are 
successively transferred. The sections are then removed from the final bath on 
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to slides or cover-slips and.dried by adding absolute alcohol which is allowed 
to evaporate. The dried sections are then put inside a lead castle and three 
successive 2 min counts are made by means of a Geiger-Miiller counter. After 
counting has been completed the sections are treated with 2% ammonium 
sulphide to render the copper visible as the dark brown sulphide and the 
number of end-plate regions are counted visually. The ratio of the number of 
end-plate regions to the counts per minute has been found to be approximately 
constant with a variation of 5-10 %. , 
When the cholinesterase activity of the diaphragm was first inhibited by 
1x'10-*m-DFP the number of counts/min fell to 85° of the normal and with 
5x 10-*m-DFP activity had fallen to 22%, whereas with 1 x 10-°m-DFP it 
was below 10%. 
Comparison of normal and denervated sides revealed no difference in the 
cholinesterase activity after 6 days’ denervation. Farthermore, there was 
no ——: in the sensitivity to DFP of the two sides. 
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Pulmonary vasoconstriction to anoxia: its site of action. By 
Heven N. Duxe and Estuer M. Royal Free Hospital School 
of Medicine, London 


Anoxia, induced by inhalation of N, or gas mixtures containing less than 
15% QO, in Ng, produces an increased resistance to perfusion in isolated cat 
lungs perfused through the pulmonary artery at constant-volume inflow (Duke, 
1951; Nisell, 1950). This effect is probably due to constriction of some part 
of the pulmonary vascular bed. The present experiments were done in an 
attempt to localize the site of the constrictor effect of anoxia. 

Two pairs of cat lungs were set up and perfused with separate pumps as 
previously described (Duke, 1951). Arrangements were made so that the 
lungs could be perfused in series, the venous outflow from each lung being 
pumped into the pulmonary artery of the other. When one lung was ventilated 
with N, the other lung received deoxygenated blood through its pulmonary 
artery. If the second lung was ventilated with air the blood was oxygenated 
within it so that the first lung received oxygenated blood which it deoxy- 
genated, completing the cycle. 

It was found that perfusion of a lung with deoxygenated blood did not 
cause a rise in perfusion pressure when it was ventilated with air. Ventilation 
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of a lung with N, during perfusion with either oxygenated or deoxygenated 
blood did, however, cause a rise of perfusion pressure. 

The level of the pulmonary arterial pressure thus appears to be independent 


of changes in oxygen tension of the arterial blood and is dependent on changes 
in oxygen tension in the alveolus or in the venous blood. 
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Relationship between acid and electrolyte outputs in the renal 
diurnal rhythm. By J. N. Mitts 


Some observations on isolated perfused human foetal hearts. 
By J. E. Baker | 
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